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During earthquakes, drilled shaft foundations are subjected to dynamic variations in 
load. These loads have been found to reduce the shaft capacity, with failure occurring 
at loads less than the design capacity of the foundation. The loads are applied as 
inertial loads at the head of the shaft and as predominantly horizontal shear loads 
along the buried length of the shaft. The seismic loads are of a cyclic nature, with 
significant frequencies ranging from 0.1 Hz to 1 0Hz. The duration of loading is 
usually less than 30 seconds. 
This study experimentally determines the effect that the different forms of seismic 
loading have on the capacity of a drilled shaft foundation. A model drilled shaft of 
95 mm diameter by 1450 mm buried length is constructed in a homogeneous deposit 
of cohesionless soil and is tested under cyclic loading that is representative of a 
seismic event. The study is performed in two separate stages. The first stage of tests 
has combinations of mean and cyclic load applied axially to the head of the shaft 
while the soil around the shaft is static. The second stage of tests has different axial 
loads applied to the head of the shaft while the soil around the shaft is shaken by a 
shaking table. 
The stage 1 tests have shown that cyclic axial loading about zero mean load has the 
most detrimental effect on the stability of the model drilled shaft. A parameter called 
the Level of Load Reversal has been developed to quantify this result. A conceptual 
shear-zone model as also been developed to illustrate the behaviour of the soil around 
the drilled shaft during cyclic axial loading. 
The stage 2 tests have shown that shaking of the soil increases the uplift capacity of 
the drilled shaft by increasing the density and stiffness of the soil mass. If a constant 
axial load is applied to the drilled shaft while the soil is shaken then the shaft will fail 
in uplift at considerably lower loads than the equivalent static capacity. The axial load 
magnitude causing uplift failure will also depend upon the level of shaking, with 
greater levels of shaking bringing greater reductions in uplift capacity during shaking. 
iii 
If a constant axial load is applied to the drilled shaft while the soil is shaken then the 
shaft will also fail in uplift at considerably lower loads than the equivalent static 
capacity. The axial load magnitude causing uplift failure will be greater than that of 
the constant axial load and this difference may depend upon the cumulative 
displacement during each type of loading. The cyclic displacements will be smaller 
because each half cycle of uplift load is offset by each half cycle of compressive load. 
The effect of phase difference between peak uplift load and peak soil displacement is 
unclear from these tests. 
This study has shown that drilled shaft foundations may fail during an earthquake at 
loads that are considerably lower than their design capacity. It is recommended that 
further experimental research be carried out in the area of seismic capacity of drilled 
shaft foundations. Particular emphasis should be placed upon the mechanisms and the 
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Most foundations will be subjected to variations in load over their design life. The 
variations may be due, in part, to high winds, vehicular loads or earthquakes. The 
understanding of foundation behaviour under statically varying loads is well 
established but little is known about the behaviour of foundations under dynamically 
varying loads. Recent research has shown that deep foundations may undergo a 
degradation in load carrying capacity when subjected to cyclically varying axial loads. 
This study examines the specific case of drilled shaft foundations in cohesionless soil, 
subjected to the dynamic loading that is typical of a seismic event. Drilled shaft 
foundations are often used to support structures with high aspect ratios, including 
many bridges, high-rise buildings and elevated tanks. Earthquake loading in such 
cases tends to induce large cyclic axial loads on the drilled shafts, as shown in 





Figure 1.1 - Earthquake Induced Axial Loads on Drilled Shafts 
Observations after the 1985 Mexico City earthquake (Girault 1986) indicated that 
some 25 buildings supported on friction piles suffered sudden settlements during the 
earthquake. At least one building overturned (Mendoza and Auvinet 1988), with 
several of the friction piles having pulled out of the soil. Zeevaert (1991) concluded 
that cyclic axial loading during the earthquake mobilised the side capacity of the piles, 
allowing plunging deformation to occur. It is not clear from these observations, 
however, whether the failures were caused by simple overloading of the piles by the 
earthquake induced axial forces, or by degradation of the side friction capacity of the 
piles during cyclic loading. This study aims to identify the mechanisms that cause 
instability during seismic loading and to quantify the parameters that are critical to the 
stability of the drilled shaft. 
This chapter introduces the drilled shaft foundation and outlines the methods used to 
predict its load carrying capacity. The methods are taken from Turner & Kulhawy 
(1987) and McManus & Kulhawy (1991). A summary is given of the present 
knowledge concerning the fundamental behaviour of drilled shaft foundations under 
dynamic loading. A summary is also given of the behaviour of cohesionless soils 
under cyclic loading. Finally, the scope of this study is outlined and the overall 
research methodology is explained. 
1.1 DRILLED SHAFT FOUNDATIONS 
A drilled shaft is essentially a cylindrical hole in the ground that is filled with 
concrete. The concrete may be reinforced, and the bottom can be belled in certain 
soils, although only straight-sided shafts are considered herein. In most cohesionless 
soils, the drilling of the hole is preceded by driving a steel casing into the ground. The 
soil within the casing is excavated with the drill, leaving the casing to provide lateral 
suppmi for the soil around the hole. The casing may or may not be removed after the 
concrete has been placed. Details of the various construction methods and equipment 
may be found in Greer and Gardner (1986). 
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Drilled shaft foundations develop resistance to axial loads from a combination of side 
resistance, Qside and tip resistance, Q,ip, as shown in Figure 1.2. The resisting forces 
must be in equilibrium with the applied load, so the compressive capacity, Qc is given 
by: 
(1.1) 
where the subscript c refers to compression and W is the weight of the drilled shaft. 
Similarly, the uplift capacity Q11 of the drilled shaft is given by: 






















Figure 1.2 - Equilibrium Forces Acting on a Drilled Shaft Foundation 
(1.2) 
A comprehensive research programme by Stewart and Kulhawy (1981) and Kulhawy 
(1981), which included analytical and experimental modeling of drilled shafts in 
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uplift, has shown that the side resistance of straight-walled drilled shafts results from 
friction acting over a cylindrical surface that forms close to the soil/concrete interface. 
Methods for predicting the side resistance of drilled shafts are based on fundamental 
effective stress concepts. For long-term or static loading, under drained conditions, 
the side resistance is given by: 
Qside = fr( z )dz 
surface 
(1.3) 
where r(z) is the shearing resistance with depth along the side of the foundation and 
the integral is a summation of the shear stresses over the contact area of the 
foundation. The side resistance of a straight-walled drilled shaft is therefore given by: 
D 
Qside = 1rB f K(z)av(z)tan¢(z)dz 
0 
(1.3) 
where K is the coefficient of horizontal soil stress, av is the vertical effective stress, 
¢ is the soil effective stress friction angle, B is the diameter of the shaft, D is the 
depth of the shaft and Qside = Quside = Qcside• 
For shafts in compress10n, the tip capacity develops from a bearing capacity 
mechanism beneath the tip. Vesic (1977) observed that the failure zone consists of a 
highly compressed conical wedge that forces its way through the soil mass, as shown 
in Figure 1.3. 
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I - Deep Foundation 
II - Soil Wedge 
III - Radial Shear Zone 




Figure 1.3 -Failure Mode Beneath the Tip of a Deep Foundation (from Vesic (1977)) 
The ultimate compressive tip capacity, Qciip, for a drilled shaft in cohesionless soil 
during drained loading, neglecting the Ny term which commonly is small by 
comparison, can be approximated by: 
(1.4) 
where A1 is the area of the tip, q is the value of vertical effective stress at the level of 
the tip and Nq is a bearing capacity factor. The ( terms are modification factors, 
where the subscript q indicates the portion of bearing capacity from the soil 
overburden above the tip and the second subscripts indicate the reason for 
modification. Equation 1.4 is subject to the stipulations of vertical foundation, vertical 
concentric loading, horizontal ground surface and horizontal foundation tip. The 
bearing capacity and modification factors may be found in Vesic (1977). 
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1.2 CYCLIC SOIL RESPONSE 
The behaviour of soils under cyclic loading appears to be highly complex and, to date, 
even the most sophisticated models cannot provide accurate predictions of the 
behaviour under generalised cyclic stress conditions. There are, however, a number of 
characteristic properties that are exhibited by all soils under cyclic loading. 
Cyclic loading of a soil brings about stress reversals as the load changes from 
increasing load to decreasing load and vice versa. Each stress reversal brings a change 
in the stiffness of the soil and each cycle of loading generates energy losses, causing 
the soil to undergo both hysteretic but recoverable strain and residual or non-





Figure 1.4 - The Typical Development of Shear Strain During a Cyclic Load Test 
(From O'Reilly & Brown (1991)) 
The magnitude of the recoverable strain remains fairly constant during each cycle 
while the irrecoverable strain tends to decrease with increasing numbers of load 
cycles. The decrease in irrecoverable strain occurs as the soil particles rearrange 
themselves into a fabric that is resilient to the loading. If the cyclic load amplitude is 
constant, then the soil will eventually reach a state of quasi-elastic or resilient 
response. The load amplitude must then be increased if further permanent strains are 
to occur. 
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The magnitude of the recoverable strain and the area of each stress-strain hysteresis 
loop depend upon both the magnitude of the shear strain at each cycle and the normal 
effective stress of the soil. The effect of shear strain magnitude is shown in Figure 1.5 
by a decrease in soil shear modulus with increasing shear strain. A decrease in shear 
modulus will increase the peak-to-peak shear strain over each cycle and increase the 
area of the hysteresis loop. Changes in the shear modulus with increasing normal 
effective stress (shown as p') will also change the shape of the hysteresis loop, thus 













p' = 0.5 kgf/cnnz 
10·5 10-4 
Single annplilude shear strain,°' 
Figure 1.5 - The Influence of Shear Strain Magnitude and Mean Normal Effective Stress on the 
Shear Modulus of Dry Toyoura Sand (From O'Reilly & Brown (1991)) 
1.3 CYCLIC FOUNDATION CAPACITY 
Very little information is available on the behaviour of deep foundations under cyclic 
axial loads and there is a distinct lack of information on the capacity of deep 
foundations under seismic shear loading. A review of the cyclic axial load data is 
given in Chapter 2 but may be summarised by the following: 
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1. All but the very lowest levels of repeated loading ( as low as 10 to 20 percent of 
the static capacity in the few reported studies) show continuing deformation 
without any limit. 
2. Two-way repeated loads and repeated uplift loads generally lead to capacity 
reduction while repeated compression loads have less effect on capacity. 
SCOPE OF STUDY 
This study focuses on the changes in uplift capacity of a drilled shaft foundation in 
cohesionless soil during and because of cyclic variations in both axial load and soil 
shear load. The study is performed in two distinct stages. The first stage has model 
drilled shaft foundations tested in a static soil deposit under cyclic axial loads. The 
second stage has model drilled shaft foundations tested in a soil deposit that 1s 
undergoing cyclic shear loading on a shaking table. The model drilled shaft 1s 
simultaneously subjected to different combinations of mean and cyclic axial load. 
The first stage of testing involves the preparation of a homogeneous soil deposit and 
the construction of a model drilled shaft within that soil deposit. Loads are applied to 
the head of the drilled shaft with a hydraulic actuator. Different combinations of mean 
and cyclic load are applied and the response of the drilled shaft is measured directly 
during each test. The change in capacity under each combination of axial load is 
compared with the capacity of the drilled shaft when no cyclic load has been applied. 
Details are given in Chapter 3 of the laboratory procedures used to prepare the soil 
deposit and to construct the model drilled shaft. The loading apparatus, the 
instrumentation of each sample and a summary of the test results are given in 
Chapter 4. Analysis of the test results and interpretations of those results are given in 
Chapter 5. 
The second stage of testing also involves the preparation of a homogeneous soil 
deposit and the construction of a model drilled shaft within that soil deposit. It was 
necessary to construct a special tank for these tests so that the soil deposit could 
defom1 in shear when subjected at its base to cyclic shear loading on the shaking 
table. Details of the tank design and construction and the laboratory procedures used 
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to prepare each soil deposit are given in Chapter 6. Also given is a summary of the 
performance of the tank under cyclic shear loading. The loading apparatus, the 
instrumentation of each sample and a summary of the test results are given in 
Chapter 7. Analysis of the test results and interpretations of those results are given in 
Chapter 8. A summary of the findings of this study is given in Chapter 9 and further 
test details are appended. 
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Chapter Two 
SEISMIC LOADS ON DEEP FOUNDATIONS 
INTRODUCTION 
When an earthquake occurs, the ground shakes and everything in contact with the 
ground shakes with it. This chapter describes how earthquakes occur and how the 
energy of an earthquake is transmitted through the earth and up to the surface, where 
it is felt as strong ground motion. The complex nature of seismic ground motion is 
illustrated and general simplifications of that motion are presented. These simplified 
ground motions are useful for engineering design in so much as they describe the 
general nature of ground motion while simplifying the actual ground actions and the 
reactions of any structure under design. 
It has been found that the ground motion at the surface depends upon the properties of 
the soil near the surface. This chapter describes two simple models that may be used 
to analyse the behaviour of a soil layer under strong ground motion. 
When the ground shakes, so too do the structures in contact with that ground. The 
shaking of a structure must be resisted by its foundations but this resistance generates 
loads in the foundations. This chapter describes the different types of loads that are 
exerted on the foundations by the shaking of the structure and by the ground itself. 
The effects of the loads are discussed and a summary is given of previous research 
into the actions of the soil and foundation during seismic loading. Where applicable, 
analytical models are also presented for determining the behaviour of deep 
foundations during seismic loading. 
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2.1 EARTHQUAKES 
The surface of the earth is covered by a crust of solid geological material. The crust 
has a thickness ranging from as little as 5 km beneath the oceans to as much as 40 km 
beneath the continents. Rather than being one continuous shell, the crust is made up of 
a number of smaller, interlocked plates called tectonic plates. The different plates are 







Figure 2.1 -The Earth's Tectonic Plates, with Vectors showing their Relative Movement 
(From Eiby (1989)) 
Beneath the semi-rigid tectonic plates lies a viscous, semi-molten layer called the 
mantle. The mantle has a thickness of approximately 2850 km, with a temperature 
ranging from 3600°C at its lower boundary to around 1000°C at the upper, crustal 
boundary. The temperature gradient across the mantle generates internal convection 
cun-ents, moving the semi-molten material in a circular manner. The movement of the 
material creates drag forces on the underside of the crustal plates and these drag 
forces create stresses along the plate boundaries as the plates try to move with respect 
to each other. If the stresses between the plates exceed the material strength then the 
plate boundary will rupture, releasing the stored strain energy. The released energy 
radiates out from the point of rupture and is felt at the surface as an earthquake. 
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The energy of an earthquake is radiated as seismic waves. There are two general 
classes of seismic wave; body waves and surface waves. As their names suggest, body 
waves travel through the interior of the earth while surface waves are confined to 
travel in a region close to the surface. 
There are two types of body waves. The first is the longitudinal (p) wave, which has 
particle motion that is parallel to the direction of wave propagation. The second is the 
transverse or shear (s) wave, which has particle motion that is perpendicular to the 
direction of wave propagation. 
There are also two types of surface waves. The first is the Rayleigh wave, which has 
particle motion in a vertical plane as the wave propagates across the surface. The 
second is the Love wave, which has particle motion in a horizontal plane as the wave 
propagates across the surface. The direction of particle motion in the Love wave is 
perpendicular to the direction of wave propagation. 
All types of seismic wave are produced during an earthquake, but it is the shear waves 
that carry the most energy and pose the greatest risk to engineered structures. If a 
shear wave is propagating vertically, then the associated soil or rock displacements 
are horizontal, and horizontal displacements bring horizontal ground accelerations. If 
a structure is in contact with the ground then those accelerations will be transmitted to 
the structure and will generate horizontal inertial loads within the structure. While 
most structures are designed to account for increases in vertical load, many are not 
designed to allow for increased horizontal loads, so the horizontal inertial loads may 
then cause the structure to fail. 
Horizontal ground accelerations are also produced by horizontally propagating Love 
waves but these carry less energy than shear waves so, while they increase the inertial 
loads on a structure, the amount by which they do so is not as significant. 
If all the shear waves radiated out in straight paths, then very few of them would 
actually travel vertically and the horizontal accelerations would be minor. 
Unfortunately this is not the case, because the waves are refracted towards the vertical 
as they approach the surface. The ground near the surface of the earth is generally less 
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dense than that at depth so, when the seismic waves travel upward from a denser layer 
to a less dense layer, they are refracted to a more vertical direction. This behaviour is 
shown schematically in Figure 2.2. Because of the refraction, a greater proportion of 
the total seismic energy actually reaches the surface in the form of vertically 
propagating shear waves. 
Site 
Surficial layers 
Figure 2.2 - Refraction of Seismic Waves due to Layering near the Surface 
(From Kramer (1996)) 
2.2 STRONG GROUND MOTION 
The most important aspect of an earthquake, from an engineering perspective, is the 
nature of the strong ground motion. The seismic energy that is released during an 
earthquake causes the ground to move and the accelerations associated with these 
ground motions generate inertial loads in any structure that is in contact with the 
ground. If the ground beneath a structure undergoes an acceleration, then the 
acceleration will generate inertial forces within the structure itself and, if the inertial 
forces become great enough, then the structure may fail. 
In order to fully describe the ground motion at a point, recordings must be made of 
the three components of ground translation and the three components of ground 
rotation. In practice, the rotations are usually neglected and an array of three 
01ihogonal seismographs is used to measure displacements in the East-West, North-
South and vertical directions. Each seismograph, in its simplest form, consists of a 
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damped, single-degree-of-freedom oscillator that traces out its displacement during an 
earthquake event. The trace can be corrected for the motion of the oscillator and the 
true ground motion can then be found. Nowadays, seismographs have generally been 
superseded by electronic accelerometers that measure the ground acceleration 
directly. The results are displayed as accelerograms, with each component of ground 
acceleration plotted as a function of time. Figure 2.3 shows a typical set of 
accelerograms, recorded at Gilroy, California during the 1989 Loma Prieta 
earthquake. 
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Figure 2.3 - Recorded Ground Accelerations at Gilroy No. 1, California, during the 1989 
Loma Prieta Earthquake (From Kramer (1996)) 
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The accelerograms shown in Figure 2.3 illustrate that the ground motion during an 
earthquake is quite complex, but there are particular features of these plots that 
describe the ground motion in enough detail to show its engineering significance. The 
most important features, taken from Kramer (1996), are: 
1. The Peak Amplitude - which gives an indication of the peak inertial load induced 
in the structure. 
2. The Frequency Content - Every structure has its own natural frequency and loads 
applied at or around the natural frequency will cause the structure to resonate. 
3. The Duration - The damage caused by one cycle of loading may not be significant 
but the cumulative damage caused by many cycles may be catastrophic. 
It is not possible to check the design of a structure against every conceivable 
earthquake, so the strong ground motion features shown above can be used to simplify 
the event and provide general ground motions for engineering design. 
Further simplifications may also be made so that design calculations may be kept to 
economically prudent levels, whilst retaining the important features of the seismic 
loading. 
The first simplification is that the vertical component of strong ground motion is often 
ignored. The vertical component is often smaller than either of the horizontal 
components, as it is in Figure 2.3, and its effects are usually integrated into the design. 
This is because structures are usually designed to withstand variations in vertical load, 
either by incorporating live or short-term loads into the design or by using over-
strength factors during the design stage. On the other hand, variations in horizontal 
load are not inherent to the design so they may not be ignored. 
The second simplification, particularly for research and development, is to model the 
strong ground motion as a sinusoidal motion. No two earthquakes will ever be the 
same, but the cyclic nature of the loading is common to all, so a given sinusoidal 
motion should produce the same effect as a number of different earthquakes. A simple 
procedure has been developed by Seed et al. (1975) in order to do this. The amplitude 
of each load cycle is measured off the acceleration or shear stress trace. Different 
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conversion factors are assigned to each cycle, depending on its relationship to the 
maximum amplitude, then an equivalent number of cycles of uniform amplitude is 
found. The choice of amplitude for the uniform cycles is arbitrary but is commonly 
chosen as 65 % of the maximum recorded amplitude. Figure 2.4 shows the results of 
the Seed model for a number of previous earthquakes, showing that the equivalent 
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Figure 2.4 - Equivalent Numbers of Uniform Stress Cycles based on Strongest Components of 
Ground Motion (From Seed et al. (1975)) 
The Seed et al. method of representing earthquake loads accounts for two of the three 
ground motion characteristics mentioned above, but it does not account for the 
frequency content of the event. One reason for this is that the method was developed 
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for liquefaction analysis, where the nature of the frequency content is not critical. In 
order to account for the effects of different frequencies, the same sinusoidal motions 
and numbers of cycles can be used, with the frequency and corresponding amplitudes 
altered to maintain the same ground accelerations. 
Strong ground motion can, therefore, be expressed as a series of one-dimensional 
sinusoidal cycles of horizontal acceleration. The factors which dictate the severity of 
the motion are the amplitude and frequency of the wave and the number of cycles of 
loading. 
2.3 GROUND RESPONSE ANALYSIS 
When vertically incident shear waves are propagating towards the surface of the earth, 
they will produce horizontal accelerations within the rock or soil in which they are 
travelling. Observations have shown that the magnitude of those accelerations will 
depend upon the properties of the rock or soil in which the waves travel. 
An example of the influence of ground conditions comes from the Mexico City 
earthquake of 1985. Mexico city was originally built around the shores of Lake 
Texcoco and was largely founded on rock and firm soil. When the area was overtaken 
by the Spanish, the lake was drained and buildings were erected on the land that had 
previously been the lake-bed. The lake area, near the modem city centre, consists of a 
thick deposit of very soft, high-water-content sand and clay. On the 19th of 
September, 1985, a magnitude 7.8 earthquake struck Mexico city and observations 
showed that several buildings in the old lake-bed area suffered extensive damage, 
while those founded on rock or firm soil suffered relatively less damage. 
Accelerometers placed at different points around the city showed that the peak 
horizontal acceleration on firm ground was around 4 % of gravity while the peak 
horizontal acceleration in the lake zone was up to 40 % of gravity. 
In order to analyse the response of a soil layer to strong ground motion, it is necessary 
to create a model of the layer. The most simple model consists of a level, uniform 
layer of isotropic, linear elastic soil overlying level, rigid bedrock. The model, with its 
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boundary conditions, is shown schematically in Figure 2.5. The se1sm1c loading 
involves applying the simplified, vertically incident, shear waves as a one-
dimensional bedrock displacement ug(t). The model will therefore be used to calculate 
the one-dimensional response of a uniform, linear elastic soil layer. 
du 
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Figure 2.5 - Model of a Linear Elastic, Uniform Density Soil Layer subjected to a Horizontal 
Seismic Motion at its Base (From Idriss & Seed (1968)) 
Closed form solutions have been derived for the seismic response of the simple soil 
layer shown in Figure 2.5. An example, taken from Idriss and Seed (1968), is for the 
bedrock being subjected to a horizontal seismic motion, ug(t). The equation of motion 
is given by: 
2 [ ] a2 a U au a au Ug p(y)-+c(y)--- G(y)- =-p(y)--
ar2 at ay ay at 2 
(2.1) 
in which p6') is the mass density at depth y; c61) is the viscous damping coefficient at 
depth y; G(J') is the shear modulus at depth y; and u(y, t) is the relative displacement at 
depth y and time t. 
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Solutions to the equation of motion have been developed for soil layers with constant 
or regularly varying material properties. These solutions are available in Idriss & 
Seed. (1968). If the properties of the soil layer are irregularly varying, however, then a 
general solution cannot be found for the equation of motion. Instead, the response of 
the soil layer can be analysed by discretising the layer into a series of lumped masses, 
as shown in Figure 2.6. Each mass is connected to the next by a damped shear spring. 
The equation of motion can then be represented in matrix form by: 
[M ]{ii}+ [c ]{u} + [K ]{u} = [M ]ub (t) (2.2) 
where [M], [ c] and [K] are the mass, damping and sprmg stiffness matrices 
respectively, iib is the acceleration vector at the base of the deposit, and ii, u and u 
are the acceleration, velocity and displacement vectors relative to the base. The 
vectors have order N, where N is the number of lumped masses used to idealise the 
soil layer. The equation of motion may then be solved by determining the mass, 
damping and stiffness values for, and between, each lumped mass. These may be 
used, with the base acceleration, to determine the acceleration at any other point; 
particularly at the surface. 
The difficulty with using the closed form solution or the lumped mass model is that 
these models incorrectly assume that the soil behaves in a linear elastic manner. 
Figure 2. 7 shows a plot of shear stress versus shear strain for a soil under cyclic shear 
loading and it is clear that the soil behaviour is non-linear under these loads. 
20 
H 
Figure 2.6 - Lumped Mass Model of a Linear Elastic Soil Layer subjected to a Horizontal 
Seismic Motion at its Base (From Idriss & Seed (1968)) 
't 
Figure 2. 7 - Plot of Shear Stress versus Shear Strain for a Soil under Cyclic Shear Loading 
(From Kramer (1996)) 
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The previous models can still be used to analyse the seismic response if equivalent 
linear parameters are found for the soil. Equivalent linear systems have been found to 
provide reasonably satisfactory evaluations for the dynamic behaviour of soil layers. 
The equivalent linear soil parameters are found from stress-strain curves like the one 
shown in Figure 2. 7. The stiffness of the soil is taken to be the secant shear modulus, 
Gsec· The stiffness is usually given by the tangent shear modulus, Gian, (shown as the 
slope of the curve in Figure 2.7) but the variation of Gian with shear strain is obvious 
so it can be averaged out to an equivalent linear value by using the secant shear 




-re and Ye are the maximum shear stress and the maximum shear strain, respectively, as 
shown in Figure 2. 7. Similarly, the equivalent linear damping ratio, ,;, can be found 
by calculating the area under the hysteresis loop, A1oop, then calculating the damping 
ratio, ¢, as: 
<; = _1_ A loop 
21r G 2 secYc 
(2.4) 
It must be noted that the equivalent linear soil parameters are a function of the peak 
shear strain, Ye, so any analysis using these parameters will only be relevant for shear 
strains in the range of Ye• 
A further refinement of the model can be made by adjusting the equivalent linear soil 
parameters for their shear strain dependency. To do this, an iterative procedure is 
required to ensure that the chosen soil properties are compatible with the computed 
shear strains at each point. The iterative procedure is taken from Kramer (1996) and 
operates as follows: 
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1. Initial estimates of G and s are made for each layer. The initially estimated values 
usually correspond to the same stain level; the low-strain values are often used for 
the initial estimate. 
2. The estimated G and s values are used to compute the ground response, including 
time histories of shear strain for each layer. 
3. The effective shear strain in each layer is determined from the maximum shear 
strain in the computed shear strain time history. 
4. From this effective shear strain, new equivalent linear values, G(i+I) and s(i+JJ are 
chosen for the next iteration. 
5. Steps 2 to 4 are repeated until differences between the computed shear modulus 
and damping ratio values in two successive iterations fall below some 
predetermined value. 
So the accelerations within a soil layer can be determined if the accelerations of the 
bedrock are known and if the dynamic soil properties are known. The accelerations of 
the soil layer can then be used to determine the actions of any structure that is in 
contact with the soil. The accelerations at depths below the surface are particularly 
useful in determining the actions of deep foundations embedded in the soil layer. 
2.4 SEISMIC LOADS ON DEEP FOUNDATIONS 
Drilled shaft foundations are often used to support structures with high aspect ratios, 
including many bridges, high-rise buildings and storage tanks. During an earthquake, 
the strong ground motion, and the reaction of the superstructure itself, can result in 
substantial loads being exerted on the foundations. Figure 2.8 shows that seismic 
waves, in the form of vertically incident cyclic shear waves, will induce horizontal 
inertial loads in the superstructure. If the structure is to remain stable, then these loads 
must be resisted by the foundations. 
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Figure 2.8 - Inertial Loads due to Vertically Incident Seismic Shear Waves 
Inertial loads are generated in the superstructure by the accelerations of the ground 
beneath it. The inertial loads are transferred to the head of the foundation as cyclic 
lateral and cyclic axial loads. The horizontal translation of the structure generates 
lateral loads at the foundation head and the rotation of the structure generates axial 
loads at the foundation head. Further dynamic loading occurs along the length of the 
foundation as the soil itself displaces in shear. 
2.4.1 Inertial Lateral Loads 
As a structure displaces laterally under a seismic load, its movement must be resisted 
by the foundation beneath it. The displacement of the structure induces a lateral load 
in the head of the foundation and this lateral load is transferred to the surrounding soil 
as a passive pressure along the length of the foundation shaft. 
Observations from deep foundation tests have shown that the magnitudes and 
distributions of the passive pressures developed under cyclic loading are similar to 
those developed under monotonic loading. However, the tests also showed that the 
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peak lateral foundation displacements are significantly greater for cyclic loading than 
they are for monotonic loading. Lateral foundation displacements are greater under 
cyclic loading because each half cycle of loading creates permanent strains in the soil 
around the foundation. The accumulation of these permanent strains allows the 
foundation to displace relatively freely through the middle of each lateral strain cycle. 
The displacements required to mobilise the peak lateral capacity can be rather 
substantial and, in many cases, these will be greater than the serviceability limits of 
the foundation. For this reason, it is often peak displacement, rather than load 
capacity, that is the governing criterion for the design of laterally loaded deep 
foundations. 
The most common model used for deep foundations under cyclic lateral loading 
follows from the model used for monotonic lateral loading. The model idealises the 
foundation as a beam-on-elastic-foundation, as explained in Chapter 1, with the 
governing differential equation for the foundation given by: 
d2 El-f = p(x) 
dx 
(2.5) 
EI= the flexural stiffness of the foundation, y = the lateral displacement, x = the depth 
along the foundation and p = the lateral soil reaction. The solution of Equation 2.5 
requires the determination of a relationship between the soil reaction and the lateral 
displacement of the foundation. ie. developing a p-y curve for the system. The slope 
of the p-y curve is known as the subgrade modulus, Es, and is defined by: 
(2.6) 
If the sub grade modulus cannot be found as a function of depth, then the system can 
be discretised into soil sections and each section modelled using the Winkler springs 
described in Chapter 1. p-y curves can be found for each soil section and the 
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foundation loads can then be determined discretely, with equation 2.5 ensunng 
continuity between each section. 
Cyclic lateral loading is allowed for by adding a subgrade degradation parameter to 
the static value of Es, The effect of this is to reduce the load capacity for a particular 
displacement if the foundation has undergone repeated cyclic loading. One such 
example, from Little and Briaud (1988), reduces the static soil resistance according to: 
N -a PN = Pl• (2.7) 
where PN = the cyclic soil resistance for N cycles of load, p 1 = the value of p for the 
first cycle of load, and a = a degradation parameter determined from the results of 
cyclic pressuremeter tests. 
2.4.2 Inertial Axial Loads 
As a structure accelerates laterally, an overturning moment is induced about its base. 
As shown in Figure 2.8, the overturning moment is resisted by axial load couples in 
the foundation. The axial load is transferred to the surrounding soil as a shear stress 
along the sides of the shaft and as a compressive or tensile stress beneath the tip of the 
shaft. 
Very little information is available on the behaviour of deep foundations under 
repeated axial loads. A review of the available data, by Turner et al. (1987) suggests 
that: 
1. All but the very lowest levels of repeated loading ( as low as 10 to 20 percent of 
the static capacity in the few reported studies) show continuing deformation 
without any limit. 
2. Two-way repeated loads and repeated uplift loads generally lead to capacity 
reduction while repeated compression loads have less effect on capacity. 
3. Repeated loads producing axial displacements greater than about 5 percent of the 
shaft diameter may lead to static capacity reductions. 
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4. Low levels ofrepeated load on deep foundations in contractive soils under drained 
conditions may lead to increases in static capacity. 
5. Drainage of excess pore water stress results in some recovery of static capacity. 
However, this recovery may be lost after relatively few additional repeated loads. 
To date, no model has been developed which identifies the stress distribution around a 
deep foundation under cyclic axial loading. At present, research is focussed on 
identifying the parameters that are critical to the stability of the foundation during 
loading. The Turner research has identified a parameter called the Critical Level of 
Repeated Load (CLRL) which identifies a percentage of the static capacity, above 
which a deep foundation will undergo continuing displacement without any apparent 
limit. The CLRL was found to be heavily dependent upon the magnitude and direction 
of loading, with two-way loading and repeated uplift loading being more detrimental 
to the stability of the foundation than repeated compression loading. 
Research by Poulos (1988) also noted the importance of the level of repeated load. 
Poulos summarised the effects of repeated axial loading into the Cyclic Stability 
Diagram (CSD). The CSD is shown in Figure 2.9 and has the cyclic axial load 
amplitude plotted against the mean axial load. Three regions are identified within the 
possible bounds of the diagram. They are: 
1. The stable zone - in which cyclic loading has no effect on foundation capacity. 
2. The metastable zone - in which cyclic loading causes some limited reduction of 
load capacity. 
3. The unstable zone - in which cyclic loading will result in failure of the foundation 
within a specified number of cycles. 
The CSD provides a useful means of defining the response of a deep foundation to 
various combinations of mean and cyclic load. 
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PO = mean load 
Pc = cyclic load 
o., = static compressive capacity 
O.t = static tensile capacity 
(Note: compression loads are +ve, 
tensile loads are -ve) 
Zone A: cyclically stable. No reduction of load capacity 
after N cycles 
Zone B: cyclically metastable. Some reduction of load 
capacity after N cycles 
Zone [: cyclically unstable. Failure within N cycles 
or less 
Pile fails in tension Pile fails in Compression --------
1.0 
Failure after N cycles 
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Figure 2.9 - Cyclic Stability Diagram (From Poulos (1988)) 
2.4.3 Combined Inertial Loads 
Cyclic axial and cyclic lateral loads do not act independently during a seismic event. 
The application of one alters the effect of the other. 
A summary of research observations by Turner (1987) shows. that combined loading 
causes a decrease in both axial load transfer and axial side resistance by moulding 
away the soil along the top of the foundation. Increased bending moments are also 
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observed, as a result of axial compression loads being superimposed on top of lateral 
loads. 
No analytical model exists for predicting deep foundation response to combined 
cyclic loads as little research has been done in this field. Turner (1987) summarised 
that "Much research still is needed. For example, failure modes for combined loading 
need to be defined as a function of soil type, foundation geometry, ratio of axial to 
lateral load, and whether the axial loading is uplift, compression, or both." 
2.4.4 Dynamic Soil Loads 
There is a significant difference between se1sm1c excitation of the ground and 
foundation, and cyclic loading of the foundation head. If the foundation head is 
loaded, then the head is the only point of load application and there is only a near-
field reaction in the soil immediately surrounding the foundation. If, however, the soil 
undergoes seismic excitation, then the whole soil mass moves in a free-field response 
to the loading and load is applied over the full length of the foundation. An illustration 
of seismic excitation of the soil mass and foundation is shown in Figure 2.10. 
stiff 
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dynamic lood from 
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Figure 2.10- Dynamic Soil Loads due to Seismic Loading of Soil Mass 
(From O'Reilly & Brown (1991)) 
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If the foundation is flexible compared to the soil then the effect of the soil 
displacement will be minimal. If, however, the foundation is stiff, such as a drilled 
shaft or pier, then it will be subjected to significant loads as it resists the soil 
displacement. 
The behaviour of deep foundations under dynamic soil loads can be modelled with the 
Winkler model shown in Figure 2.11. The model consists of horizontal Winkler 
springs, which provide horizontal resistance over the length of the foundation, and a 
rotational spring at the foundation head, which provides a restraint to rotation. The 
difference between this model and that used to analyse inertial lateral loads is the 
point of application of load. In the inertial lateral load case, the load is applied at the 
head of the foundation and the supports of the Winkler springs are considered to be 
rigidly fixed. In the dynamic lateral load case, the load is applied at all points along 
the shaft and the supports of the Winkler springs are considered to move in 
compliance with the free-field soil displacement. The model therefore consists of a 
free-field soil displacement superimposed upon the near-field soil-spring reactions. 
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Figure 2.11 - Winkler Spring Model for Dynamic Soil Loads 
(From O'Reilly & Brown (1991)) 
To dete1mine the loads and displacements on the foundation, the first step is to 
calculate the deflected shape of the free-field soil profile. The next step is to 
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determine the characteristics of each Winkler spring. The stiffness and damping are 
required, as are any non-linear effects, yield points and cyclic degradation factors. 
The flexural stiffness (EI) of the foundation is also required because the loads, 
displacements and bending moments will all depend upon the material characteristics 
of the foundation. When all the required parameters have been found, the analysis is 
performed by superimposing the deflected shape of the soil profile upon the supports 
of the Winkler springs, with the simultaneous requirement of continuity along the 
length of the foundation. The analysis is an iterative procedure, so a computerised 
procedure is suited to this analysis. One such soil-pile interaction program has been 
developed and is now in common use. It is called SP ASM8 and was developed by 
Matlock et al. (1978). 
SUMMARY 
Seismic waves are generated when the surface of the earth ruptures during an 
earthquake. These waves propagate through the earth and cause strong ground motion 
when they reach the surface. The nature of the strong ground motion is rather 
complex but, for engineering purposes at least, they can be simplified into one-
dimensional sinusoidal motion, with the intensity of shaking being represented by the 
amplitude, frequency and duration of the sinusoidal motion. 
Observations from recorded earthquakes have shown that the ground motion at the 
surface depends upon the soil or rock near the surface. Simple models have been 
developed to analyse the behaviour of a soil layer under seismic excitation of the 
underlying bedrock. These models take the soil material properties into account in 
order to determine the actions under seismic loading. 
If a structure is in contact with a soil layer undergoing seismic loading then that 
structure will also undergo seismic loading. The loads that are generated in the 
structure must be resisted by the foundations, so seismic loads are then exerted on the 
head of the foundation. The displacements of the soil around the foundation also exert 
loads along the length of the foundation. Research into the behaviour of deep 
foundations under seismic loading has shown that both lateral and axial loading bring 
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about a reduction in foundation performance. Repeated lateral loads have been found 
to degrade the stiffness of the surrounding soil, allowing increasingly large lateral 
displacements to occur. Repeated axial loads have been found to degrade the strength 
of the surrounding soil, allowing increasingly large axial displacements to occur. The 
degradation of soil strength was found to be more pronounced if the mean load on the 
foundation was in uplift. 
When the soil around a deep foundation is subjected to seismic loading, then the 
displacements of the soil will exert loads along the full length of the foundation. The 
flexural stiffness of the foundation and the restraint offered at its head may increase 
these loads even further. Research into the behaviour of foundations under dynamic 
soil loading has shown that the response very much depends upon the material 
properties of the soil and of the foundation. Flexible foundations in stiff soils will 
generally follow the response of the soil layer while stiffer foundations in softer soils 
will remain essentially rigid, with the soil distorting around them. 
Few models have been developed to analyse the behaviour of deep foundations under 
seismic loads. The most commonly used model incorporates an analytical model for 
soil response with a Winkler spring model for lateral foundation displacement. The 
model follows an iterative procedure that requires continuity of the soil, the structure 
and the foundation loads and displacements. To date, no model exists that analyses 
the response if a deep foundation under repeated axial loading. 
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CONSTRUCTION OF MODEL DRILLED SHAFTS FOR CYCLIC AXIAL 
LOAD TESTS IN A STATIC SOIL DEPOSIT. 
INTRODUCTION 
This chapter provides details of the construction of each model drilled shaft and static 
soil deposit. Details are given of the tanks used to contain the soil deposit, the soil 
used for the tests and the materials used to construct each drilled shaft foundation. An 
outline is also given of the apparatus and procedures used to prepare each soil deposit 
and model drilled shaft. 
3.1 TANK CONSTRUCTION 
Two cylindrical tanks, each 1.00 m diameter by 1.99 m high, were constructed from 
6 mm plate steel that was rolled and welded into a tube. Details of the tanks are shown 
in Figure 3.1. Two tanks were built so that the soil could be transferred from one to 
the other, thus avoiding double handling of the soil and the need for a storage tank. A 
sheet of perforated steel plate was welded to the base of each tank to allow the soil to 
flow out. To control the flow of soil, another identical plate was fitted beneath the first 
so that when the holes in the two plates were aligned the soil could flow. The sliding 
bottom plate was controlled by a simple screw mechanism which, when turned, would 
control the rate of flow of the soil. 
The tanks were lifted and moved with a travelling overhead crane. To overcome the 
height restrictions imposed by lifting one 2 m high tank over the other, a lifting beam 
was designed to fit inside the top tank. The beam could be removed when the tank 
was to be used as the test container. 
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Figure 3.1 - Steel Sand Tanks 
-+--- Tank 
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The soil chosen for these tests was an industrial grade 30/60 silica sand. The 
properties of this sand are given in Table 3.1. The material was supplied by 
Commercial Minerals Ltd, Auckland, New Zealand. 
The reasons for selecting this soil were: 
a) It is a generic particulate material that should qualitatively simulate the 
behaviour of a range of different soils. 
b) It is suitable for air pluviation. 
c) It is suitable for being reused many times without degradation. 
d) It should be possible to obtain additional supplies of the material for future 
testing. 
e) It is very clean and minimal dust is generated during air pluviation. 
Table 3.1 - Soil Properties 
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Property Symbol Value 
Density of Solid Particles Ps 2.65 t/m3 
10% finer D10 0.30mm 
60% finer D6o 0.45mm 
minimum voids ratio emin 0.53 
maximum voids ratio emax 0.83 
Steady State Friction Angle cl>ss 33° 
><=v.~, Cs.¾S""CC,..Y ,C.' 
Note: Derivations of the soil properties are given in Appendix A. 
3.3 PREPARATION OF SOIL DEPOSIT 
The soil deposits were prepared by air pluviation. To prepare each soil deposit, one 
full tank of sand was lifted over an empty tank and the perforated steel gate was 
opened. The sand flowed out through the gate and collected in a funnel that had been 
suspended beneath the top tank, as shown in Figure 3 .1. The sand flowed down a 
95 mm diameter flexible hose, discharging through a wire mesh diffuser into the 
bottom tank. 
The diffuser was made from a 100 mm diameter by 300 mm long section of plastic 
tube that was packed with wire mesh. The amount of wire mesh could be adjusted to 
produce the desired relative density of the soil deposit. Homogeneity of the soil 
deposit was achieved by holding the diffuser at a constant 50 mm above the rising soil 
surface so that the energy of deposition remained constant. Richards et al. (1990) 
showed that air pluviation with a constant height of deposition produces near-
homogeneous soil deposits. A similar diffuser has also been used successfully by Iai 
( 1991) to prepare homogeneous sand deposits. 
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Samples of soil were taken as each soil deposit was prepared. The density of each 
sample was found in order to check the density and homogeneity of each deposit. The 
results are shown in Table 3.2. 
Table 3.2 - Soil Deposit Density Tests 
•--~,.,.,,,."~""'_,, 
Weight of sample Density Voids Ratio Relative Density 
(gm) (t/m3) (%) 
199.65 1.53 0.73 0.33 
200.49 1.53 0.73 0.33 
197.40 1.51 0.75 0.27 
197.33 1.51 0.75 0.27 
202.93 1.56 0.70 0.43 
197.93 1.51 0.75 0.27 
200.52 1.53 0.73 0.33 
196.10 1.49 0.78 0.17 
198.57 1.52 0.74 0.30 
199.71 1.53 0.73 0.33 
198. 79 1.52 0.74 0.30 
198.08 1.51 0.75 0.27 
201.08 1.54 0.72 0.37 
199.42 1.53 0.73 0.33 
The average relative density for the static soil deposits was 31 percent. A loose sand 
was chosen for these tests to reduce the effects of soil dilation. The model test results 
are then more readily applicable to full-scale tests, where the confining pressures are 
greater and dilation is more suppressed. This is in accordance with the principal of 1-g 
modelling described by Scott (1989). 
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3.4 CONSTRUCTION OF DRILLED SHAFT 
A drilled shaft foundation is usually constructed by drilling a hole in the soil, inserting 
a reinforcing cage then filling the hole with concrete. If the drilled shaft is constructed 
in a loose non-cohesive material then a casing may be required to maintain stability of 
the hole. If so, the casing is first driven into the soil then the soil is drilled out. The 
casing may be removed once the concrete has been placed. 
Since the present tests were performed using prepared soil deposits, it was much 
simpler to construct the soil deposits around the shaft casing than it was to drill into 
the dry sand. The shaft casing was made from 1 mm thick galvanised sheet metal that 
had been rolled and riveted into a tube. The dimensions of the casing were 95 mm 
diameter by 1500 mm long. The casing was suspended in the bottom tank and the 
sand poured around it by controlling the direction of the diffuser. Care was taken to 
avoid disturbing the shaft casing as this would tend to disturb and possibly densify the 
soil around it. 
The model drilled shafts, nominally 95 mm diameter by 1450 mm long, were 
constructed by pouring concrete into the drilled shaft casing. Each shaft was 
reinforced using a single 16 mm diameter deformed steel bar. Steel pins were fixed 
radially top and bottom to help centre the bar inside the casing. A 70 mm diameter 
steel plate was fixed to the bottom of the bar to provide some confinement to the 
relatively "green" concrete during load testing (the model drilled shafts were tested 
after only 24 hours curing). The reinforcing bar was threaded at the top to allow fixing 
to the load actuator. 
Details of the concrete mix used are given in Table 3.3. The mix design gives a 
water:cement ratio of 0.4 and a crushing strength of 12 MPa after 24 hours. Each 
batch of concrete was mixed in a bucket then trowelled into the shaft casing, taking 
care not to disturb the casing and the surrounding soil. The concrete was lightly 
tamped at one third and two thirds heights then, when the placing was finished, the 
overhead crane was used to pull the shaft casing out. Removal of the casing caused 
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the level of the concrete to drop by approximately 20 mm. The concrete was then left 
to cure for 24 hours before load testing the shaft. 
Table 3.3 - Model Drilled Shaft Concrete Mix Design 
--~·--""""""'·---,_._._. 
Item Details Quantity 
Aggregate d10 = 0.15 mm, d60 = 0.53 mm 15 kg 
Cement Rapid Hardening Portland 6.62 kg 
Plasticiser Daracem 100 18 ml 
Water 2.651 
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Chapter Four 
TESTING OF MODEL DRILLED SHAFTS UNDER CYCLIC AXIAL LOADS 
IN A STATIC SOIL DEPOSIT. 
INTRODUCTION 
This chapter gives details of the cyclic axial load tests performed m static soil 
deposits. Cyclic axial load tests were performed on model drilled shafts, under 
different combinations of mean and cyclic axial load amplitude. The uplift capacity of 
each shaft was found after cyclic loading and compared with the uplift capacity 
without cyclic loading. The effects of cyclic loading could then be determined. 
The results show that some model drilled shafts remained stable during loading while 
others became unstable. Examples are given for each type of shaft response and 
stability criteria are determined for the model drilled shaft. All the load/displacement 
curves for these tests are included in Appendix B. 
4.1 LOAD TEST PROGRAM 
The first tests performed on the model drilled shafts were monotonic load tests. 
Monotonic uplift and monotonic compression tests were performed to establish the 
static uplift and the static compressive capacities with no cyclic loading. The 
capacities were used as benchmarks, by which the capacities after cyclic axial loading 
could be compared. 
The remaining tests were performed with various combinations of mean and cyclic 
axial load being applied to the shaft. Upon completion of the cyclic axial loading, 
each shaft was failed in uplift to determine its residual uplift capacity. 
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4.2 LOADING RIG AND INSTRUMENTATION 
Axial loads were applied to the model drilled shafts with a servo controlled hydraulic 
actuator, as shown in Figure 4.1. The actuator was attached to the shaft reinforcing rod 
with a clevis and pin and was supported by a reaction frame that was bolted to the 
steel tank. The hydraulic actuator was controlled by a Moog model 73-233 servo-
valve and an MTS 443.11 closed-loop servo-hydraulic system, as illustrated in 
Figure 4.2. The required load signals were generated by a PC and downloaded to a 
Hewlett-Packard random waveform generator (model HP33120A), as shown in 
Figure 4.3. Data acquisition was via a Hewlett-Packard VXI system digital voltmeter 
and multiplexer interfaced with the PC. 
Vertical shaft displacement was measured usmg a Linear Variable Displacement 
Transducer (L VDT) mounted on the hydraulic actuator. Applied shaft loads were 
measured using a Precision Transducers LPC 2.5 tonne load cell mounted between the 
actuator and the drilled shaft head. Horizontal soil stress was measured using a Kyowa 
BE-2KC Soil Pressure Transducer buried in the soil approximately 20 mm away from 
the side of the shaft at various depths. 
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Figure 4.2 - Load Controlled Electro-Hydraulic Test System 
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4.3 MONOTONIC LOAD TEST RESULTS 
4.3.1 Monotonic Uplift Capacity 
Three monotonic uplift tests were performed on model drilled shafts. A typical 
load/displacement response (for test 017) 1s shown in Figure 4.4. The 
load/displacement response is typical for a drilled shaft uplift failure, showing a peak 
load reached at a relatively low displacement. The load then decreases with increasing 
displacement, eventually reaching a "steady state" strength of approximately 
80 percent of the peak load. 
The uplift capacities for monotonic tests 015, 016 and 017 were found to be 1.56 kN, 
1.68 kN and 1.52 kN respectively, so the average monotonic uplift capacity of the 
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Figure 4.4 - Load versus Displacement for Monotonic Uplift Test 017 
4.3.2 Monotonic Compressive Capacity 
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Two monotonic compression tests were performed on model drilled shafts. A typical 
load/displacement response (for test 035) 1s shown in Figure 4.5. The 
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load/displacement response is typical for a drilled shaft compressive failure, with no 
definite peak load shown. A difficulty then arises in interpreting the actual "ultimate 
compressive capacity". 
DISPLACEMENT (mm) 
-35 -30 -25 -20 -15 
-3 
-3.5 
Figure 4.5 - Load versus Displacement for Monotonic Compression Test 035 
The problem of interpreting compressive capacity has been examined by Hirany and 
Kulhawy (1988). The authors compared forty-one different methods for interpreting 
load test data and found the various methods to be very inconsistent in their 
interpretation of the compressive capacity for drilled shaft foundations. The authors 
found that the interpretation methods fell into three main categories - settlement 
limitation, graphical construction and mathematical model. A detailed discussion of 
each method is given in Hirany and Kulhawy (1988). 
For this study, the interpreted compressive capacities were determined usmg a 
settlement limitation method. Settlement limitation methods generally dictate that the 
interpreted capacity is taken to be that load required to produce or exceed some pre-
detem1ined amount of settlement of the shaft. A settlement limitation method was 
chosen because it is the least susceptible to individual judgement, since the only 
parameter choice is that of critical settlement and once its value has been chosen it 
remains constant for all tests. The graphical construction and mathematical model 
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methods were disregarded because they both involve fitting curves to the data, which 
introduces greater individual judgement and possible bias. 
The particular method chosen for this study was the Diameter-Dependent Settlement 
Limitation method. In this method, the critical settlement is selected as a percentage 
of the shaft diameter. The choice of a diameter-dependent method was based on a 
statement by Terzaghi (1942) where it was stated that "the failure load is not reached 
unless the penetration of the pile is at least equal to 10 percent of the diameter of the 
tip of the pile". One of the drawbacks of this settlement limitation method is that it 
may produce different interpreted capacities for different diameter shafts, even when 
they produce exactly the same load/displacement curves. However, the drawback is 
not relevant to the present tests because all tests are performed on identical shafts in a 
near-constant homogeneous soil deposit. 
For the present study, the critical settlement was taken as 10 percent of the shaft 
diameter. The choice of 10 percent follows from Terzaghi (1942) and from Weltman 
( 1980) who interpreted their shaft capacities as the load on the shaft when the 
settlement is equal to 10 % of the shaft diameter. The choice of 10 percent was rather 
arbitrary (values ranging from 2 percent to 25 percent have been used by others) 
because the aim of the test regime was to observe the changes in capacity under 
different loads rather than any absolute values. As long as the failure parameter stayed 
the same then all results would be relative to each other, thus enabling valid 
comparisons to be made. 
For these model shafts, a critical settlement of 10 percent of the shaft diameter equates 
to a shaft displacement of 9.5 mm. The failure displacement is indicated in Figure 4.5 
and illustrates that the selected definition of failure is appropriate for this test. When 
the displacement reaches -9.5 mm, the response of the shaft has become highly non-
linear. It has moved through a transition zone from linear-elastic behaviour and is now 
almost fully plastic, indicating that failure has occurred. (Note that compression is 
taken as negative and uplift as positive). 
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For the chosen failure criterion, the interpreted compressive capacity for Test 035 was 
found to be 2.66 kN. The capacity of Test 042 was 2.69 kN so the average interpreted 
compressive capacity of the model drilled shaft was taken to be Qcs = 2.68 kN. 
4.4 CYCLIC AXIAL LOAD TESTS 
The remainder of axial load tests were performed under various combinations of mean 
and cyclic axial load. The general shape of each simulated earthquake load history is 
illustrated in Figure 4.6. The first stage of loading involved slowly applying the dead 
or-mean-load as- a constantly increasing "ramp" function. The mean load was held 
constant for 100 seconds to allow for the majority of creep effects to dissipate, then 
the "earthquake" load was applied as a series of 20 cycles of sinewave at a frequency 
of 1 Hz, oscillating about the mean load. When the cyclic load test was completed, the 
shaft was failed in uplift to determine the uplift capacity. The uplift capacity could 
then be compared with the monotonic uplift capacity to determine the effect of the 
cyclic axial load. 
LOAD 
.. 20.CYCLES ... 
TIME 
Figure 4.6 - Simulated Earthquake Load History 
The results from the cyclic axial load tests are summarised in Table 4.1. The results 
show three different patterns of shaft response: The shaft may remain stable during the 
test or it may become unstable and fail, either in compression or in uplift. 
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Table 4.1 - Model Drilled Shaft Axial Load Test Results 
Test Load Pc po Qu m dP dppl dppr Result 
{kN} {kN} {kN} {mm} (mm} (mm} 
15 MU 1.563 
16 MU 1.677 
17 MU 1.524 
18 CYC 1.00 0.00 1.744 1.1 -4.50 1.91 0.94 s 
19 CYC 1.00 0.00 C C -4.25 2.39 1.03 s 
20 CYC 1.20 0.00 D d 60 3.28 d u 
21 CYC 1.00 0.20 1.598 1.0 -2.71 2.67 1.26 s 
22 CYC 1.20 0.20 d d D 2.25 10 u 
23 CYC 1.00 -0.20 1.327 0.8 -5.89 3.12 0.77 s 
24 e e e e e E e e 
25 CYC 1.20 -0.20 1.568 0.9 -5.08 3.33 1.08 s 
26 CYC 1.40 -0.20 D d D 5.85 d u 
27 CYC 0.50 -1.00 C C -1.83 1.41 0.10 s 
28 CYC 2.00 -1.00 1.173 0.7 12.11 3.48 u 
29 e e e e e e e e 
30 CYC 2.15 -1.15 d d 18.50 19.76 4.11 u 
31 CYC 0.50 0.00 C C -0.38 0.29 0.22 s 
32 CYC 0.75 0.00 C C -1.9 1.03 0.48 s 
33 CYC 0.40 0.20 C C -0.06 0.46 0.18 s 
34 CYC 0.70 0.20 1.517 0.9 -1.25 0.80 0.52 s 
35 MC 
36 CYC 0.60 0.40 1.545 0.9 2.47 1.86 0.66 s 
37 CYC 1.00 0.30 1.723 1.0 -0.42 1.81 1.23 s 
38 CYC 1.20 0.40 d d d d d u 
39 CYC 1.50 -0.60 1.436 0.9 -8.60 -4.38 -2.14 UIS 
40 CYC 1.50 -1.00 1.003 0.6 -9.61 -4.26 -0.63 u 
41 CYC 1.50 -0.80 1.292 0.8 -9.34 -4.00 -1.02 u 
42 MC 
43 CYC 1.20 -0.80 0.941 0.5 -6.90 -3.41 -0.60 s 
,-,~-----,-.............. 
. §_ymbol Descri2tion 
pc magnitude of cyclic component of load 
po mean or dead load component ( + = tension) 
Qu ultimate uplift capacity 
m change in uplift capacity after cyclic loading (Qu/Qt) 
d" Displacement accumulated during cyclic loading ( + = upwards) 
~pl peak to peak displacement for first cycle of load 
~pf peak to peak displacement for final cycle of load 
MU monotonic uplift 
MC monotonic compression 
CYC cyclic axial loading 
s Stable 
u Unstable 
C data not recorded 
d Failed in uplift prior to test completion 
e Equipment failure 
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4.4.1 Stable Behaviour 
Some of the model drilled shafts remained stable during the load tests. The 
load/displacement response of a typical stable test (test 021) is shown in Figure 4.7. 
The shaft had a mean axial load of 0.2 kN and a cyclic axial load amplitude of 1.0 kN. 
Figure 4. 7 shows that the shaft undergoes a hysteretic cyclic response to the axial load 
combination, with the peak cyclic load amplitude reached on each half cycle. The 
shaft displaces into the soil mass with each successive cycle but the displacement per 
cycle decreases and the stiffness of the soil/shaft system increases as the test 
progresses. 
The final stage of loading for Test 021 has the shaft loaded to failure in uplift. The 
residual uplift capacity for Test 021 was found to be 1.60 kN, or 101 percent of the 
benchmark monotonic capacity Qus. Therefore, the cyclic loading had no significant 
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Figure 4.7 - Load versus Displacement for Cyclic Axial Load Test 021 
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4.4.2 Uplift Failure 
An example of an uplift failure is shown in Figure 4.6, for test 022. In the first six 
cycles of loading the response is similar to stable test 021, with the shaft undergoing a 
hysteretic response to the cyclic axial load. However, during these cycles the shaft 
does not progressively displace downward into the soil mass. Instead, it quickly 
reaches a minimum average displacement, cycles about the minimum for five cycles 
then, in the seventh cycle of loading, the shaft begins to work its way up and out of 
the soil. Each subsequent cycle brings an increasing upward displacement as the shaft 
moves out of the soil. The increasing cyclic displacements reach a point where the 
required load can no longer be sustained during the cycle. Any attempt to apply 
greater load simply brings larger upward displacements and the test is eventually 
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Figure 4.8 - Load versus Displacement for Cyclic Axial Load Test 022 
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4.4.3 Compressive Failure 
An example of a compressive failure is shown in Figure 4.8, for test 041. The shaft 
response is generally similar to that of stable test 021 in that the load is maintained for 
each cycle and the displacement increment per cycle decreases as the test progresses. 
However, the model drilled shaft in test 041 has failed in compression because the 
cumulative settlement has exceeded the defined failure criterion of 9.5 mm. 
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4.5 CYCLIC STABILITY CRITERIA 
The present set of tests show that, in most cases, the foundation is able to withstand 
the applied loads. Failure in these tests has usually come as a result of excessive 
displacement, either in uplift or in compression. For this reason, it is judicious to set 
stability criteria that are governed by displacement. 
Poulos (1989) and Turner & Kulhawy (1990) found a correlation between cyclic uplift 
stability and cyclic displacement (the displacement of the foundation in one half cycle 
of loading). They found that the foundation becomes unstable in uplift if its 
displacement exceeds a certain critical level during cyclic axial loading. The Poulos 
tests show that significant degradation of the limiting skin friction ( and therefore shaft 
failure) occurs if the cyclic displacement amplitudes exceed the displacement at peak 
load under static loading conditions. The Turner and Kulhawy tests show that the 
shaft becomes unstable if the cyclic displacement amplitude exceeds 3-4 mm, 
regardless of the geometry of the shaft or the soil density. 
If the Poulos stability criterion is applied to the present study then instability is 
predicted for cyclic displacements exceeding approximately 4 mm. The Turner and 
Kulhawy criterion is set at 3-4 mm, so the critical cyclic displacement for the present 
study would be expected at 3-4 mm. A comparison of the cyclic responses of tests 021 
and 022 (shown in Figures 4.7 and 4.8 respectively) shows that the shaft is stable 
when the cyclic displacement is 2.7 mm but unstable when the cyclic displacement 
reaches 3 .1 mm. The results of two other tests performed under similar loading 
conditions show instability occurring at similar cyclic displacement. Test 019 had a 
cyclic displacement of 2.4 mm and remained stable while test 020 had a cyclic 
displacement of 3.6 mm and became unstable during the test. The critical cyclic 
displacement was therefore set at 3 mm for uplift stability in the present study. 
The compressive stability criterion chosen for the present study is also displacement 
dependent. The compressive failure shown in Figure 4.9 shows that the model drilled 
shaft is certainly able to withstand the applied loads but, from a serviceability point of 
view, the shaft has undergone excessive displacement during the test. It has, therefore, 
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been deemed to have become unstable. The limits of "excessive displacement" are 
highly subjective and depend upon the end use of the drilled shaft foundation. 
However, if quantifiable comparisons are to be made then those settlement limits must 
be set. The cumulative settlement limit has therefore been set for the present 
study as 10 percent of the shaft diameter, or 9.5 mm. This follows from the 
interpreted monotonic compressive capacity discussed in section 4.3.2, where the 
shaft response became highly non-linear when the displacement exceeded 10 percent 
of the shaft diameter. 
SUMMARY 
Axial load tests were performed on 27 identical model drilled shaft foundations that 
were embedded in a static soil deposit. The first tests were monotonic uplift and 
monotonic compression tests, performed to determine the equivalent static capacities 
of the drilled shaft. The uplift capacity of the drilled shaft was found to be 1.59 kN 
and the compressive capacity was found to be 2.68 kN. 
The remammg tests were cyclic axial load tests, performed with different 
combinations of mean and cyclic axial load applied to the shaft. The tests produced 
three distinct responses to the applied loading. Some of the shafts remained stable 
during loading while others failed either in uplift ( excessive upward displacement) or 
in compression ( excessive downward displacement). 
Stability criteria were determined for the model drilled shafts, based on the 
displacement magnitudes observed during loading. The limits of stable displacement 
were set at 3.5 mm per cycle for uplift stability and a cumulative displacement of 
9.5 mm for compressive stability. 
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Chapter Five 
THE CYCLIC AXIAL LOAD RESPONSE OF MODEL DRILLED SHAFTS IN 
STATIC SOIL DEPOSITS. 
INTRODUCTION 
The results from the cyclic axial load tests performed in a static soil deposit, are 
summarised in this chapter. A Cyclic Stability Diagram is constructed from the results 
providing a clear illustration of the effects of cyclic axial loading on the stability of 
the drilled shaft. Analysis of the diagram leads to the development of a parameter 
called the Level of Load Reversal (LLR). The LLR can be used to determine whether 
a particular combination of mean and cyclic load will cause a drilled shaft to become 
unstable during loading. 
A conceptual soil/shaft system model is developed from the results of these tests and 
from the cyclic axial load tests of others. The model has a dilating shear zone that is 
generated around the drilled shaft under cyclic loading. Changes to the shear zone and 
the smTounding soil mass bring about shaft failure as the shear zone dilates and 
contracts under the induced shear strains and the surrounding soil mass contracts and 
stiffens. Hoop stresses may be generated within the soil mass if it is able to contract 
sufficiently. Hoop stresses reduce the confining stress around the shaft by creating an 
arching effect in the soil mass, thus reducing the overall strength of the soil/shaft 
system. 
A short series of tests was performed on drilled shafts in higher density soil deposits. 
The results from these tests are given, showing that the model drilled shaft is more 
prone to failure under cyclic loading when the relative density of the soil is increased. 
The conceptual shear zone model is then used to explain the reduction in cyclic 
stability at increased soil density. 
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5.1 THE CYCLIC STABILITY DIAGRAM 
The Cyclic Stability Diagram was developed by Poulos (1988) to illustrate the effects 
of cyclic loading on the capacity of a drilled shaft. (Details and an illustration of the 
Cyclic Stability Diagram are given in Chapter 2.) The Cyclic Stability Diagram is a 
plot of the cyclic axial load amplitude versus the mean axial load for a series of cyclic 
axial load tests. The region bounded by the diagram is divided into stable, metastable 
and unstable regions, indicating the effect that each axial load combination has on 
shaft stability. 
A Cyclic Stability Diagram has been constructed for the cyclic axial load tests in the 
static soil deposit and is shown in Figure 5.1. The load combinations that caused 
instability are plotted as filled squares and the stable load combinations are plotted as 
unfilled squares. Test 039 is shown as a grey square because this test fell on the 
boundary between stable and unstable behaviour. The stable/unstable boundary has 
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Figure 5.1 - Cyclic Stability Diagram for Cyclic Axial Load Tests in a Static Soil Deposit 
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The Cyclic Stability Diagram shows that the capacity of a drilled shaft is reduced 
during cyclic axial loading. In the worst cases (Tests 020 and 026) it was found that 
the capacity was reduced to approximately 57 percent of the static compressive 
capacity (Qc). 
There are two notable differences, however, between the Poulos Cyclic Stability 
Diagram and this Cyclic Stability Diagram. The first difference is that no metastable 
zone, as defined by Poulos, was found in the present tests. The second difference is 
that there is a pronounced "dip" in the stable/unstable boundary around zero mean 
load. These differences will be discussed in the following two sections. 
5.1.1 The Metastable Zone 
The metastable zone is the area of the plot where the applied loads cause a reduction 
in uplift capacity (Qu) after loading, but the shaft remains stable during the load test. 
No metastable zone has been identified in the present diagram because there were no 
significant reductions in Qu after any of the tests. The change from stable to unstable 
behaviour occurs over a very small change in cyclic axial load amplitude so, if a 
metastable zone does exist, then it must be very narrow. 
The lack of a metastable zone is not a new development. Poulos ( 1988) had already 
found that "for very soft soils, there is almost no metastable zone". The soil deposits 
used in the present tests may be considered very soft, as they had an average relative 
density of 31 percent. No metastable zone would then be expected. 
The lack of a metastable zone may also be attributed to the stiffness of the drilled 
shaft. Poulos found that "short stiff piles may fail very abruptly, with little prior 
warning, after small increases in cyclic load above the stable zone." The model drilled 
shaft used for these tests may be considered both short and stiff by Poulos' measure 
(a length of 1450 mm and a stiffness of 8.53xl010 Nmm2) so no metastable zone 
would then be expected for these tests. 
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Further evidence of a narrow metastable zone is found from cyclic load tests 
performed by McManus & Kulhawy (1994). These tests, performed in over-
consolidated clay, also show a rapid change from stable to unstable behaviour. In two 
of these tests (their Kand L) a change of 13 percent of Qu was sufficient to change the 
load response from stable to unstable. The drilled shafts used in these tests were also 
made from steel reinforced concrete with similar dimensions to the present model 
drilled shaft, so the lack of a metastable zone concurs with the Poulos observation for 
very stiff piles. 
5.1.2 The Level Of Load Reversal 
A pronounced "dip" in the stable/unstable boundary is evident where it crosses the 
P ofQc = 0 axis (ie. around zero mean load). In other respects the boundary largely 
follows the idealised shape predicted by Poulos. The dip, however, is significant 
because it indicates that the Level of Load Reversal (LLR) is a significant parameter 
in predicting the uplift stability of a drilled shaft under cyclic axial loading. 
The LLR is described as the minimum amount by which the load changes orientation, 
either from compression to uplift or from uplift to compression. The LLR is defined in 
Equation 5.1. 
p -IP I LLR = C O 
Qll 
(5.1) 
where Pc is the cyclic axial load amplitude, P0 is the mean axial load and Qu is the 
static uplift capacity. 
Load tests 20, 22, 26 and 38 all failed in uplift and all plot very close to the 
stable/unstable boundary, as shown in Figure 5.1. Details of the cyclic load applied to 
each are shown graphically in Figure 5.2. All the drilled shafts shown in Figure 5.2 
were unstable during the test, but they failed at different peak uplift loads. In Test 038 
the peak uplift load was 100 percent of Qu and, as expected, the drilled shaft failed. 
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However, in Test 022 the peak uplift load was only 88 percent of Qu and the drilled 
shaft failed. The worst case load combinations occurred in Tests 020 and 026, where 
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Figure 5.2 - Unstable Cyclic Load Tests around Zero Mean Load 
The LLR may be useful for predicting whether a particular load combination is stable 
in uplift or not. The diagram shown in Figure 5 .2 illustrates that as the LLR increases 
the peak uplift load causing instability decreases. Test 038 has an LLR of 0.50 and 
fails at 100 percent of Qu, Test 022 has an LLR of 0.63 and fails at 88 percent of Q0 , 
and Tests 020 and 026 both have an LLR of 0.76 and both fail at 75 percent of Q0 • 
The significance of the LLR has been indirectly noted in previous research. A review 
of cyclic load tests by Charlie et al. (1985) found that two-way repeated loading had a 
more severe degrading effect on strength than did one-way loading. If this observation 
is expressed in terms of the LLR then loading with non-zero LLR (two-way loading) 
had a more severe degrading effect on strength than loading with zero LLR ( one-way 
loading). Such an observation agrees with the present study. 
The Level of Load Reversal has been plotted versus peak uplift load in Figure 5.3 for 
all the model drilled shaft tests that failed in uplift. A clear boundary exists between 
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the stable and unstable test results and has been indicated as a straight line. The stable 
region may then be defined by the following relationship: 
Ip 1-P Pc < 0.67Qu + o o 
2 
(5.2) 
The obvious limitation that the total peak load (Pc+P0 ) be less than the static uplift 
capacity (Qu) must also apply. Therefore, for mean load levels in uplift, the cyclic load 
amplitude causing failure in uplift is predicted by the following equations: 
(5.3) 
For low mean load levels in compression, the cyclic load amplitude causing failure in 
uplift is predicted by the following equation: 
(5.4) 
For greater mean loads in compression, plotting in the compression failure zone of the 
cyclic stability diagram, the stable/unstable boundary has not been fully determined. 
However, the following equation appears to predict the cyclic load amplitude causing 
failure and has been derived from the stable/unstable boundary shown as a dashed line 
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Figure 5.3 - Level of Load Reversal versus Total Peak Load for Tests in Uplift Failure Region 
5.2 SOIL/SHAFT SYSTEM BEHAVIOUR 
Having quantified the loads that cause instability of the model drilled shafts, the next 
step is to identify the mechanisms that cause that instability. A model may then be 
developed that incorporates the failure mechanisms and qualitatively describes the 
failure of the drilled shaft under cyclic axial loading. 
In order to develop a conceptual model for the uplift failure of drilled shaft 
foundations, it is necessary to first describe those aspects of soil behaviour that are 
relevant to the soil/shaft system. The following sections describe those relevant 
aspects, then group them together to form a conceptual system model. Note that the 
focus of this work is on uplift failure, so the component of strength offered by the tip 
of the shaft has been largely ignored in the following analysis. 
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5.2.1 Soil Shearing Zone 
Beech and Kulhawy (1987) reasoned that when a drilled shaft foundation fails in 
uplift it does so, not at the soil/shaft interface, but in the soil mass itself. Inspection of 
the failure surface shows that a shear zone develops in the soil grains adjacent to the 
shaft and that most of the shear strain occurs in this zone. 
Shear zone formation has been identified in simple shear tests performed by Uesugi 
et al. ( 1986). In these tests, concrete surfaces of various roughness were tested against 
sands of different grain size and density. The results show that as the roughness of the 
concrete increases, so the failure surface moves away from the sand/concrete interface 
and into the sand layer itself. Measurements of the peak angle of friction confirm that 
the failure surface develops within the sand, since the peak angle of friction was found 
to be equal to that of the sand mass, rather than a reduced interface angle associated 
with sand and concrete. 
Uesugi et al. used enlarged photographs of their specimens to observe the formation 
of the shear zone during each test. Figure 5.4(a) shows the variation in particle 
displacement during a typical monotonic shearing test. The unfilled circles show the 
position of individual soil particles before any load was applied and the filled circles 
show the corresponding particles after the interface had been sheared by a distance of 
16 mm. This distance is indicated by position C in the diagram. Positions A and B are 
those corresponding to the displacement at peak load and the displacement at initial 
steady state response (see Figure 5.4(b)). 
It is clear from Figure 5.4(a) that a shear zone is formed in the particles adjacent to the 
interface and that failure occurs within this region. Beyond the failure point, the 
movement of the particles within the shear zone tends to become random while the 
movement of those outside the shear zone tends to become normal to the shearing 
surface. The normal displacements illustrated in Figure 5.4(a) show that dilation is 





Figure 5.4 (a) - Particle Displacement Near a Rough Sand-Concrete Interface under Monotonic 
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Figure 5.4 (b) - Monotonic Loading Trace of the Particle displacement near a rough sand-
concrete interface under monotonic loading (from Uesugi et al. (1990)) 
Similar materials were used for the Uesugi tests and the present study, so it is likely 
that the failure surfaces were similar also. The rough sand-concrete interface that was 
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tested by Uesugi was inherently tested in the present tests because the drilled shafts 
were cast in-situ. By casting in this manner, the sand around the shaft acts as a mould 
for the wet concrete so when the concrete sets it has a roughness similar to the 
surrounding sand. The roughness is further increased by sand grains adhering to the 
concrete surface as it sets. Therefore, according to the Uesugi results, the roughness 
created around a drilled shaft indicates that failure should occur in the soil mass itself, 
rather than at the soil/shaft interface. 
Further indication of a soil shear zone is given by the relative density of the soil 
deposits. Uesugi found that when the relative density of the sand was reduced to 
approximately 50 percent, then shear failure would take place within the sand, even at 
low roughness. The present tests were performed at an average relative density of 
30 percent so this indicates that shaft failure should occur in the sand mass itself, 
regardless of the roughness of the model drilled shaft. 
5.2.2 Dilation 
The Uesugi results show that soil dilation occurs during shearing tests. The dilation is 
shown in Figure 5.4(b) by an increase in sample volume as the soil is sheared. 
Dilation occurs as the soil particles attempt to slide past each other along the 
developing failure plane. In order for the soil particles to slide past each other, they 
must slide and roll up and over each other. Their upward movement increases the 
overall volume of the soil sample as they compel the rest of the sample to move in a 
direction perpendicular to the plane of shearing. ie. the sample dilates under the 
shearing action. 
Further to the overall volume change, Uesugi also observed that the increase in 
volume generally occurred in the shear zone. The increase was due to a decrease in 
shear zone density after failure, with the density of the soil outside the shear zone 
changing little during the test. 
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The dilation seen in the Uesugi tests has been observed in small-size pile tests 
perfonned by Turner and Kulhawy (1988). These tests show an increase in pile 
strength during uplift loading and it was noted that "the primary cause is an increase 
in the horizontal stress as the filter sand undergoes dilation when sheared during uplift 
loading". 
The effects of soil dilation are also noted in full-scale pile tests perforn1ed by Lehane 
et al. (1993). Lehane found that "at peak shear resistance the radial effective stress is 
(approx) 1.4 times its stationary equilibrium value". Such an increase in radial 
effective stress is due to dilation and the associated increase in soil volume. 
The observations of Turner and Lehane highlight an important difference between 
dilation during simple shear tests and dilation during actual pile tests. In simple shear 
tests the normal stress is kept constant and dilation is allowed to occur freely. 
However, in pile tests any dilation is resisted by an increase in horizontal soil stress, 
which in tum increases the peak load required to shear the soil. 
5.2.3 Hoop Stress 
The stress at a point, within a soil mass, is commonly stated in terms of cartesian 
coordinates x, y and z. It may just as easily be stated in terms of cylindrical 
coordinates r, 8 and z, as shown in Figure 5.5. A cylindrical coordinate system is used 
in the following section to explain the development of hoop stresses around a drilled 
shaft during cyclic axial loading. 
Hoop stress is the component of stress that acts tangentially about a point. It is 
denoted in Figure 5.5 as a0. For an undisturbed soil sample, the hoop stress in a 
horizontal plane is equivalent to the horizontal soil stress, CJJ,. 
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Figure 5.5 - Plan View of the Stresses Surrounding a Vertical Circular Hole in a Soil Mass 
If a disturbance is created at a point in the soil mass then that disturbance will act as a 
stress concentration and alter the stress field within the soil mass. Let the disturbance 
be a vertical hole of radius a, as shown in Figure 5 .5. Terzaghi (1943) found the 
elastic solutions for the soil stresses around the vertical hole to be: 




where o; is the radial stress, a-0 is the tangential or hoop stress, r,0 is the shear stress in 
the radial plane and a,, is the horizontal shear stress far from the hole. 
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The boundary conditions around the unsupported vertical hole dictate that the radial 
stress o-r at the edge of the hole must be zero because the hole is unsupported, and the 
shear stress must be zero at all points in a horizontal plane because the surrounding or 
"far-field" stress is symmetric at all points in a horizontal plane. The first boundary 
condition is satisfied by equation 5.6, where o-r = 0 when r = a. The second boundary 
condition is satisfied by equation 5.8, where Tr0 is zero everywhere. Equation 5.7. 
however, shows that the tangential stress 0-0 has altered in order to maintain 
equilibrium. The equation shows that CYo = 2~, at the edge of the hole (when r = a) so 
hoop stresses have been developed in order to maintain equilibrium of the hole. 
The development of hoop stresses around a hole can be visualised as an arching action 
between the soil particles. As the hole is drilled and the drilled material removed, the 
soil particles adjacent to the hole are able to relax inward. As they relax they 
simultaneously bear upon, yet support one another, which creates a circular arch or 
hoop around the hole. Eventually the hole becomes self-supporting and the radial 
stress within the hole goes to zero. 
Results from these tests indicate that hoop stresses may be developed around the 
drilled shaft during cyclic axial loading. The results show that the radial soil stress 
undergoes a marked reduction during the downward part of the loading cycle. The 
actual reduced value is not known because it was not possible to record the absolute 
values of radial stress during the tests - only changes in radial stress could be 
recorded. However, similar measurements were taken by Turner and Kulhawy (1987) 
and their measurements did have a zero reading. Radial soil stress measurements 
taken from their test S4 are shown in Figure 5.6 and they show that the radial stress at 
the soil/shaft interface approaches zero during part of the loading cycle. It is likely, 
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Figure 5.6(a) - Radial Soil Stress measurements from Turner & Kulhawy Test S4 
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Figure 5.6(b) - Radial Soil Stress measurements from Turner & Kulhawy Test S4 
(Depth of Stress Cell = 381 mm) 
68 
5.3 SOIL/SHAFT SYSTEM MODEL 
Having described the relevant patterns of behaviour around the drilled shaft, a 
conceptual model is next constructed that describes the behaviour of a drilled shaft 
under cyclic axial loading. It must be emphasised that this model is somewhat 
speculative. It is based upon the observations of these and other cyclic axial load tests 
and no rigorous attempt has been made to verify it, experimentally or otherwise. 
The model consists primarily of a dilating shear zone that forms around the shaft 
during cyclic loading. The model is shown in Figure 5.7. Inside the dilating shear 
zone, the drilled shaft cycles as a rigid surface with a roughness that is similar to that 
of the soil. Outside the dilating shear zone, the soil mass reacts elastically to the 
applied shear and nonnal loads and may become partially self-supporting if the 
dilating shear zone contracts sufficiently. 
(a) Upward Displacement (b) Downward Displacement 
Figure 5.7 - Soil/Shaft System Model 
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The behaviour of the model is best explained by proceeding through a typical loading 
cycle. Figure 5.8(a) shows the load/displacement trace from the fifth cycle of loading 
in Test 020. The load has been cycling at up to approximately 88 percent of the static 
uplift capacity and the response is stable at this point. Figure 5.8(b) shows the change 
in horizontal soil stress, the load and the displacement plotted versus time. 
The change in soil stress was measured by a transducer buried at a depth of 920 mm 
and at a radial distance of 20 mm from the surface of the shaft. A true zero reading 
could not be taken before the transducer was buried so the trace only shows the soil 
stress relative to that at the start of the test. The estimated horizontal soil stress at this 
depth, before loading and assuming a Ko of 0.5, is equal to 7.0 kPa. 
The following sections outline the relevant observations from each part of the loading 
cycle then discuss those observations in terms of the conceptual shear zone model. 
Indicators A-F refer to those in Figures 5.8(a) and 5.8(b). 
A-B 
Load/Disp: The load is increasing in uplift and the shaft is displacing upwards. 
Figure 5.8(a) shows that the stiffness is high initially then reduces 
shortly before B. 
Soil Stress: The stress is increasing and reaches a peak at B. 
Model Behaviour: The soil around the shaft is dilating as it is sheared. The dilating 
soil increases in volume, causing the radial soil stress to increase. 
B-C 
Load/Disp: The load continues to increase and the rate of displacement increases. 
Figure 5.8(a) shows that the stiffness is reduced in this section. Both 
load and displacement peak at point C. 
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Figure 5.8 - Results from Fifth Cycle of Cyclic Axial Load Test 020 
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Model Behaviour: The soil has exceeded peak dilation and fails along a 
C-D 
developing shear-zone failure surface. Continuing shear brings a 
decrease in shear-zone volume, with a corresponding decrease in radial 
soil stress. Eventually, the shear-zone soil begins to shear at constant 
volume and, in doing so, it maintains a constant radial stress on the 
surrounding soil mass. 
Load/Disp: The uplift load is reduced and there is a small downward displacement. 
The apparent stiffness is high. 
Soil Stress: The radial stress increases again, reaching a peak at point D. 
Model Behaviour: The displacement reversal causes the shear-zone material to 
D-E 
interlock and the soil begins to dilate again as the direction of shear 
displacement is reversed. The dilation is shown as a second increase in 
soil stress. 
Load/Disp: The load continues to decrease and becomes compressive while the 
rate of downward displacement increases markedly. The apparent 
stiffness is low. 
Soil Stress: The radial stress decreases steadily. 
Model Behaviour: The soil exceeds peak dilation and agam fails along a 
developing shear-zone failure surface. Beyond peak dilation, the 
volume of the shear-zone material reduces and the horizontal soil stress 
reduces accordingly. However, instead of the soil stress reaching an 
approximately constant level as it did during upward displacement, 
rather it continues to decrease with increasing downward displacement. 
The difference between upward and downward displacement may be 
explained by referring to Figure 5. 7. When the shaft is displacing 
upward, dilation occurs and the shear-zone particles interlock. They 
tend to form arches between the shaft and the soil mass, as shown in 
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E-F 
Figure 5.7(a). Beyond peak dilation, these arches break down but the 
self-weight of the particles works to constantly rebuild further arches. 
The particles tend to lodge themselves between the shaft and the soil 
mass. They push outward on the soil mass and inward on the shaft and 
so maintain a moderate level of radial soil stress. 
When the shaft begins to displace downward, the soil response is 
initially similar to that of upward displacement. The shear zone and the 
soil mass dilate as they shear, and the stiffness is similar to that of 
upward displacement. The response changes, however, when peak 
dilation is exceeded on the downward cycle, as shown in Figure 5.7(b). 
Beyond peak dilation, the soil-particle arches break down as before but 
now there is a lower tendency for them to re-build. The reason for the 
instability is that the self-weight of the shear-zone particles now acts in 
the same direction as the displacement of the shaft. Any displacement 
of the shaft now serves to extend and collapse the arches rather than 
compress and support them. 
The soil-particle arches continue to collapse as further shaft 
displacement occurs. The collapsing shear zone reduces in volume, 
thus reducing the radial stress on both the shaft and the soil mass. With 
a reduced radial stress on the soil mass, it is able to relax inwards so 
hoop stresses may develop. As the soil mass relaxes inward it begins 
to support itself and, in doing so, it reduces the confinement of the 
shear zone and shaft. The shear-zone material is then able to shear 
more easily so the shear-zone material and the shaft tend to collapse 
and fall into the "hole" created by the partially self-supporting soil 
mass. 
Load/Disp: The load is increasing in compression and there is a reduction in the 
rate of downward displacement. The apparent stiffness slowly 
increases. The load and the displacement reach a minimum at point F. 
73 
Soil Stress: The radial stress continues to decrease until reaching a minimum at the 
corresponding minimum load and displacement (point F). 
Model Behaviour: The radial soil stress continues to decrease ( and hoop stresses 
presumably continue to increase) until the shaft reaches maximum 
downward displacement at point F. Figure 5.8(a) shows, however, that 
the system stiffens up considerably when the load becomes 
compressive. The likely reason for this stiffness increase is that the 
load can now be resisted by the tip of the shaft as well as the side-
walls. Some of the axial load is transferred from a shear stress along 
the side-wall to a compressive stress beneath the tip of the shaft. 
Further evidence of the transfer of load may be interpreted from the 
displacement trace shortly after point E. At this point there is a distinct 
change in the slope of the displacement trace as the load increases in 
compression. The change in slope is probably due to the extra 
resistance offered by the tip and it may also be due to the compressive 
resistance beneath the tip being stiffer than the post-peak-dilation shear 
resistance offered by the side-walls. 
The load cycle ends with a displacement reversal at peak compressive load and then 
unloading in compression. The load cycle has had a permanent effect on the soil/shaft 
system because at least some of the soil around the drilled shaft has undergone 
inelastic shear deformation during the cycle. The ability of the soil/shaft system to 
withstand further cycles of load will now depend on the cumulative effect of the 
previous load cycles. The following section uses the conceptual shear zone model to 
illustrate how the uplift stability of the drilled shaft is affected by the cyclic axial 
loading. 
74 
5.4 UPLIFT FAILURE DURING CYCLIC AXIAL LOADING 
As shown in Chapter 1, a drilled shaft foundation will fail in uplift when the total 
uplift load exceeds the capacity of the shaft. The Poulos Cyclic Stability Diagram and 
the Cyclic Stability Diagram from these tests have both shown that the uplift capacity 
of the shaft also depends on the nature of the applied load. The diagrams show that the 
uplift capacity may decrease if the applied load is cyclic. The conceptual shear-zone 
model can be used to offer a possible explanation of the reduction in uplift capacity 
under cyclic axial loading. 
Figure 5.9 shows the response from a typical unstable cyclic load test. In this test, the 
drilled shaft failed in uplift at a load amplitude of 57 percent of the equivalent static 
capacity. 
-4 8 10 
DISP(mm) 
-1.5 
Figure 5.9 - Load versus Displacement for Cyclic Axial Load Test 020 
Figure 5.9 shows that the shaft appears to be stable during the first eight cycles of 
loading. During these cycles the shaft quickly settles into a steady load/displacement 
response with elastic and inelastic displacements occurring about a reasonably steady 
mean displacement. However, in the ninth cycle the load does not reach the intended 
magnitude of 1.2 kN. Instead, the shaft undergoes a greater upward displacement as 
the load approaches 1.2 kN. The load then decreases and the shaft returns to the same 
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downward displacement as previous cycles. Further cycles of load bring greater 
reductions in peak load and increases in upward displacement. The overall upward 
displacements quickly become excessive and the shaft fails in uplift. 
Failure in uplift can be explained with the conceptual shear zone model. The 
behaviour is best explained by proceeding through the loading cycles leading up to 
failure. Figure 5.10 shows the change in horizontal soil stress and the axial shaft 
displacement leading up to failure. The axial load has been omitted to simplify the 
diagram but it is sinusoidal with a 1.2 kN amplitude and a zero mean. Peak uplift load 
occurs at peak upward displacement. 
The following sections outline the relevant observations from each of the load cycles 
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Figure 5.10 - Soil Stress and Axial Displacement versus Time for Cyclic Axial Load Test 020 
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CYCLES 1-4 
Disp: The shaft cycles about a decreasing mean displacement as it settles into the 
soil mass. 
Soil Stress The stress response is similar to that discussed in Section 5.3 with 
peaks occurring at the displacement reversals and a notable stress reduction or 
trough after the second peak. The magnitudes of the two peaks increase with 
increasing numbers of cycles while the magnitude of the second trough 
appears to reach a fairly constant value from the first cycle. 
Model Behaviour: The behaviour is similar to that discussed in Section 5.3 with 
the shear zone material dilating at each displacement reversal then contracting 
after peak dilation on each half cycle. The magnitude of the downward stress 
reduction indicates that hoop stresses may be developing from the first cycle. 
These cycles are notable for the small stress peaks during dilation of the shear 
zone. This indicates that the shear zone may be able to shear with little 
increase in volume and/or the surrounding soil mass is compacting, allowing 
the zone to shear with little increase in normal stress. Increasing numbers of 
cycles bring greater dilation peaks and smaller peak-to-peak displacements as 
the soil/shaft system stiffens up, reaching a quasi steady state by the fourth 
cycle. 
The overall downwards movement of the shaft is probably due to compaction 
of the soil beneath the tip of the shaft since the tip resistance is mobilised from 
the very first cycle. This is shown by the large reduction in horizontal soil 
stress seen from the very first cycle. 
CYCLES 5-8 
Disp: The shaft cycles about a steady mean displacement. 
Soil Stress The stress response is generally steady-state, with peaks occurring at 
each of the displacement reversals and a trough occurring during the 
downward part of each cycle. 
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Model Behaviour: The soil/shaft system appears to have reached a steady state 
response. The maximum and minimum stresses do not appear to be changing 
as the shear zone dilates and contracts under elastic and inelastic shearing. The 
minimum radial stresses are not changing significantly so the soil mass also 
appears to have reached a steady state. 
CYCLES 9-11 
Disp: The maximum upward displacement increases in the ninth cycle. Large 
increases in upward displacement occur in the tenth and subsequent cycles and 
the shaft fails in uplift. 
Soil Stress The soil stress is much the same as previous cycles except after the 
first peak during upward displacement. At this point (indicated as point F in 
Figure 5 .10) the stress reduction increases with each successive cycle. 
Model Behaviour: The drilled shaft fails in uplift during these cycles because the 
surrounding soil mass no longer offers the necessary confinement after 
peak dilation. Each cycle of loading causes the soil mass to displace radially 
outward during dilation and to displace radially inward during contraction. As 
is the case with all soils, these soil displacements are not completely elastic so 
the soil mass does not return to the same point when it contracts. Contractions 
are further resisted by hoop stresses that develop within the soil mass. 
As upward displacement begins, the shear-zone material dilates and shears 
while under the confining stress of the soil mass. Beyond peak dilation, the 
shear-zone material contracts and the soil mass contracts around it. However, 
each time this occurs the soil mass stiffens up and contracts by a smaller 
amount, thus reducing the confinement of the shear zone and the capacity of 
the drilled shaft. If the number of load cycles is sufficient then the capacity of 
the drilled shaft will be reduced to that of the applied load and the shaft will 
fail in uplift. 
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Uplift failure through the loss of confinement is underlined when the unstable test 
results are compared with those from a stable test. Figures 5 .11 a and 5 .11 b compare 
the displacement traces and soil stress traces respectively from unstable test 020 and 
stable test 025. Test 020 was performed with a zero mean axial load and a cyclic axial 
load amplitude of 1.2 kN while Test 025 was performed with a mean axial load of 
0.2 kN in compression and a cyclic axial load amplitude of 1.2 kN. 
The first four cycles of unstable Test 020 are shown in Figure 5.1 la and show an 
increasing peak-to-peak displacement and an overall downward displacement for the 
drilled shaft. The peak-to-peak and overall displacements remain fairly constant for 
cycles five to eight then from cycle nine onwards the peak-to-peak displacement 
increases rapidly and the shaft fails in uplift. By comparison, stable Test 025 shows a 
decreasing peak-to-peak displacement and an overall downward displacement from 
the first cycle onwards. 
Figure 5.11 b shows the corresponding changes in horizontal soil stress. The first four 
cycles of loading show an increase in the average stress for Test 020 but little change 
in average stress for Test 025. The different average stresses may arise from the 
different initial conditions around the stress transducer. They may also arise from the 
different mean loads on the drilled shaft. Test 025 has a lower mean load and 
therefore a lower peak uplift load so the dilation levels will be lower and the mean 
horizontal stress would be expected to be lower. Lower minimum stresses during the 
downward displacement of Test 025 may also be due to the different mean load. 
Test 025, with its lower mean load, will have greater compressive loads. These loads 
are transferred away from the sidewall and into the tip of the shaft so the horizontal 
stress will be expected to be lower during peak compressive load. 
From cycle four to cycle eight the unstable test shows an approximately constant 
response. There is a small reduction in soil stress after peak upwards dilation and a 
large reduction in soil stress after peak downwards dilation. The apparent stability 
breaks down, however, in cycle nine when the stress reductions after upwards dilation 
begin to increase and the shaft fails in uplift. By comparison, the stable test also 
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shows stress reductions after peak dilation in each direction but the reductions and the 
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Figure 5.llb - Change in Soil Stress versus Time for Cyclic Axial Load Tests 020 & 025 
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The comparisons shown in Figures 5 .11 a &511 b underline the difference between 
stability and instability. They show that uplift stability depends on adequate 
confinement during uplift displacement. In terms of the conceptual shear zone model, 
uplift stability is retained if the shear zone and the drilled shaft continue to be 
sufficiently confined by the surrounding soil mass. If the soil mass stiffens up, and no 
longer adequately confines the contracting shear zone after dilation, then the shear 
zone will shear more readily and the drilled shaft will fail in uplift. 
5.5 THE EFFECTS OF SOIL DENSITY 
Turner et al. (1990) found that a drilled shaft foundation is more susceptible to failure 
under cyclic axial loading if the soil density is increased. To check this finding a set of 
cyclic axial load tests were performed on shafts embedded in a denser soil stratum. 
The soil deposits were prepared by air pluviation, as they were in the previous tests, 
but they were then densified by shaking. This was achieved by preparing the soil 
deposits in a special laminated tank that was able to deflect in shear. The tank was 
designed for the second series of tests and will be discussed in detail in Chapter 6. To 
compact the soil deposits, the tank was attached to a shaking table and shaken at+/-
45 mm for twenty seconds at 1 Hz. 
The first tests conducted in the compacted soil deposits were monotonic uplift tests. 
These tests were conducted to establish the static uplift capacity, Qud• after 
densification. Results from the monotonic tests show that the static uplift capacity 
increased as a function of the shaking amplitude. The relationship is given in 
Chapter 7 and shows that the uplift capacity for these tests had increased from 
1.28 kN to 3.89 kN. The relative density of the soil deposit had also increased from 
31 percent to 68 percent. The monotonic uplift test (Test 316) corresponding to this 
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Figure 5.12 - Load versus Displacement for Monotonic Uplift Test 316 
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A series of cyclic axial load tests were then performed on shafts in the densified soil 
deposits. All the tests were performed at zero mean load, as this had been found 
earlier to be the worst case load configuration for cyclic axial loading. The results of 
these tests are shown in Table 5.1. 
Table 5.1 - Cyclic Axial Load Tests in a Compacted Soil Deposit 
Test No. Mean Load Cyclic Load Cyclic Load Stable/Unstable 
(% Qud) (kN) (%Qud) 
317c 0 2.31 59 Failure 
317d 0 1.65 42 Failure 
318c 0 0.99 25 3.73 
318d 0 1.28 33 0.52e 
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The first test was performed at 2.31 kN or 59 percent of the new static capacity, Qud· 
The second test was performed at 1.65 kN or 42 percent of Qud· Both shafts failed in 
the first few cycles of loading. 
The third test was performed at 0.99 kN or 25 percent of Qud and the shaft remained 
stable during the test. A further test was performed at 1.28 kN or 33 percent of Q,d and 
the shaft was unstable. Interpolation of these results showed that cyclic instability now 
occurred at 1.1 kN or 28 percent of the equivalent static capacity, Q0d, when the 
relative density was 68 percent. This compares with instability occurring at 67 percent 
of the equivalent static capacity when the relative density was 31 percent The test 
results therefore concurred with Turner et al. who had found that shafts in denser soils 
were more susceptible to cyclic degradation. 
The susceptibility of denser soils to cyclic degradation is readily explained with the 
shear zone model. If the surrounding soil mass is loose, then it will more readily 
compress under the radial stress increase associated with shear zone dilation. The 
drilled shaft will therefore have a lower monotonic uplift capacity but it will be more 
stable under cyclic loading because the soil mass is less able to become self-
suppmiing through the development of hoop stresses. The reason for this is that a 
lower density soil mass will have to contract further radially inwards before the soil 
particles begin to form arches and develop hoop stresses. If hoop stresses do not 
develop, then a higher confining stress is maintained on the shear zone, lower shear 
strains are possible and the shaft is less likely to become unstable. 
Conversely, a drilled shaft in a dense soil will have a higher monotonic uplift capacity 
but it will be more susceptible to cyclic degradation. A denser soil mass will require a 
smaller inward radial displacement before the soil particles begin to form arches and 
hoop stresses develop. As the hoop stresses develop the confining stress on the shear 
zone decreases. Greater shear strains are then possible and the drilled shaft is more 
likely to become unstable. 
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SUMMARY 
Cyclic axial load tests were performed on model drilled shaft foundations in a 
homogeneous soil mass. In the worst case loading configuration, cyclic axial loading 
was found to reduce the shaft uplift capacity to 67 percent of the equivalent static 
capacity. 
The results from all the tests have been conveniently presented in a Cyclic Stability 
Diagram, with the cyclic axial load plotted against the mean axial load. The Cyclic 
Stability Diagram illustrates that the worst case loading occurs at zero mean load, 
where the shaft may fail in uplift at a load of only 67 percent of the static uplift 
capacity. At loads either side of zero mean load the shaft may sustain greater cyclic 
load amplitudes. 
Analysis of the tests shows that the Level of Load Reversal (LLR) may govern the 
stability of the drilled shaft during cyclic axial loading. The LLR is the minimum 
amount by which the load magnitude is reversed. LLR relationships have been 
detennined for all combinations of mean and cyclic load. 
A conceptual soil/shaft system model has been developed from these and other test 
results. It describes a dilating and contracting shear zone that forms around the shaft. 
When an axial load is applied to the shaft, the shear-zone soil dilates. In doing so, it 
increases in volume, thus increasing the radial stress on the surrounding soil mass. 
The soil mass displaces radially outward under the stress increase then, after peak 
dilation, the shear zone contracts and the surrounding soil mass contracts around it. 
The radially inward contraction may develop hoop stresses in the soil mass, thus 
reducing the confining stress on the shear zone. The shear zone may then shear more 
easily so the uplift capacity of the drilled shaft is reduced. If the reduction in uplift 
capacity per cycle is great enough, and the number of degrading load cycles is great 
enough then the shaft will not be able to withstand further loading and it will fail in 
uplift. 
A series of similar cyclic axial load tests were performed on a drilled shaft in a denser 
soil. It was found that the cyclic uplift capacity dropped from 67 percent of the 
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equivalent static capacity to only 28 percent of the equivalent static capacity when the 
soil relative density was increased from 31 percent to 68 percent. This result agrees 
with previous research by others, who had found that shafts in denser soils were more 
susceptible to cyclic degradation. The effect of soil density on cyclic uplift stability is 
also explained using the shear zone model. Denser soils may be more susceptible to 
cyclic degradation because the soil mass is more readily able to develop hoop stresses. 
The surrounding soil mass is already more compact so smaller radial strains may be 
required for the soil mass to become self-supporting and so reduce the confining stress 
on the shear zone. 
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Chapter Six 
CONSTRUCTION OF MODEL DRILLED SHAFTS FOR CYCLIC AXIAL 
LOAD TESTS IN SHAKING SOIL DEPOSITS. 
INTRODUCTION 
In order to load test model drilled shafts in a shaking soil deposit, a special laminar 
tank was designed for use on the University of Canterbury Shaking Table. The tank 
was designed so that the soil with in it could be used to model the free-field response 
of a horizontal soil layer during seismic shear loading. To do this, the tank had to 
fulfil two basic requirements. Firstly, it had to deflect with the soil deposit when they 
were both shaken and secondly, the deflection of the tank was not to impinge on the 
preferred deflection of the soil. 
This chapter outlines relevant design features from previous tanks, then details the 
design and construction of the laminar tank used for these tests. Descriptions are also 
given of the model drilled shafts used for the tests, the methods employed for 
preparing each soil deposit and drilled shaft, and the instrumentation used to collect 
data from each test. Finally, a summary is given of the performance of the laminar 
tank during shaking. 
6.1 SHAKING TABLE 
The Department of Civil Engineering, at the University of Canterbury, operates a 
unidirectional, horizontal shaking table. The characteristics of the table are given in 
Table 6.1. The shaking table is driven by a closed-loop, servo-controlled hydraulic 
actuator. The system was originally controlled by an MTS model MlO00 controller 
but this was replaced by an MTS model Teststar 2 controller, that was then used for 
the second stage of the test programme. 
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Each test was performed under displacement control, with the cyclic table 
displacements generated by entering the required amplitude, frequency and number of 
cycles into the PC-based control system. 




Maximum Allowable Load 
Maximum Horizontal Force 
Maximum acceleration with a mass of 5 tonne 
Maximum Speed 
Maximum Displacement 
6.2 TANK CONSTRUCTION 






The tank was designed so that it would allow the soil within it to deflect in such a way 
that it would model the response of a semi-infinite horizontal soil layer under seismic 
horizontal shear loading. The intension was to create a free-field response to the shear 
loading, with a minimum of boundary effects imparted on the soil deposit by the 
actions of the tank. To achieve this, the tank was designed to deflect during shaking, 
allowing shear strains to occur in the soil deposit as they would in the free field. 
6.2.1 Previous Tank Designs 
The primary considerations of any tank design are firstly that it should contain the soil 
and secondly that it should not impinge on the preferred response of the soil during 
shaking. 
The most basic form of shaking table tank has rigid end-walls. This design certainly 
contains the soil during the test, but it also imposes severe boundary effects on the soil 
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response. Rigid end-walls reflect the incident shear waves and prevent shear strains 
within the soil during shaking, so the response is not equivalent to that of the free-
field. 
To reduce the boundary effects of the end-walls, whilst maintaining a relatively 
simple tank set-up, Mizuno et al. (1984) constructed a tank with rigid end-walls, but 
lined the tank with a urethane foam to absorb the incident shear waves. The tank is 
shown in Figure 6.1. Similar approaches were taken by Finn & Gahl (1992) and 
Steedman & Maheetharan (1989), whereby the rigid tanks were lined along the end-
walls with Styrofoam and Duxseal, respectively. The latter design is shown in 
Figure 6.2. Each of these designs assists in absorbing the shear waves, but they still 
restrict the deflection of the soil mass, so do not allow for true free-field soil response. 
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Figure 6.1 - Foam Lined Shaking Table Tank (From Mizuno et al. (1984)) 
Maruyama (1977) and Iwasaki (1986) overcame the restriction on soil deflection by 
constructing a tank with hinged end-walls. The walls were hinged at the base so that 
they could deflect with the soil deposit as it responded to the shaking. The end-walls 
were also connected to each other with a wire rope so that the soil deposit remained 
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Figure 6.2 - Foam Lined End-walls (From Steedman & Maheetharan (1989)) 
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Figure 6.3 - Hinged End-walls (From Maruyama (1977)) 
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The same system was used by Fishman et al. (1995) but was further refined by 
making the end-walls flexible. Doing so allowed for non-linear shear strains to occur 
over the soil column. The end-walls were also strain-gauged so that they could act as 
stress transducers during the shaking table testing. 
A different approach has been taken by others, whereby the whole tank moves with 
the soil mass. In such cases, the tank has been constructed from a stack of laminates 
that slide over one another and move with the soil column. An example of a laminar 
tank, by Hushmand et al. (1988), is shown in Figure 6.4. The major problem 
associated with this type of tank design is that of inter-laminate friction. Hushmand et 
al. (1988) and Iai (1991) reduced the friction between laminates by fitting steel roller 
bearings between the laminates of their tanks, while Whitman et al. (1981) reduced 
the friction between laminates by coating each contact surface with Teflon. 
,,...l ____ •&~. ---! 
Figure 6.4 - Laminar Tank (From Hushmand et al. (1988)) 
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There are other factors that must be considered when designing a shaking table tank. 
The shape of the tank and particularly the length-to-depth ratio are important, as are 
the method of soil confinement and the method of tank support. 
The length-to-depth ratio of the tank will affect its response under horizontal shaking. 
The more slender the tank, the higher are the cantilever bending deformations within 
the soil column. To reduce these effects and to encourage shear deformations, 
Hushmand et al. intentionally designed their tank with a length-to-depth ratio of 1 .4. 
Other tanks also had higher length-to-depth ratios, including Fishman et al. with a 
ratio of 3.5 and Iwasaki with a ratio of 6.3. To further reduce bending and to ensure 
the laminates stayed together, loads have sometimes been applied to the top of the 
tank. Whitman et al. placed a cap on the laminates and held it down with spring 
pressure, while Iai placed a load of 25 kN on the top of the laminates to reduce 
rocking motion. Such loads, however, must increase the frictional forces between the 
laminates and therefore affect the response of the soil during shaking. To effectively 
reduce the confining load while still providing bending resistance when necessary, 
Hushmand et al. fitted roller bearings to the top of the restraining frame, as shown in 
Figure 6.4. The bearings were adjusted to apply a small contact force at 1 g but, since 
the tests were performed in a centrifuge, it was likely that the contact force was 
reduced to zero during each test. Should the tank began to lift during the test, the 
laminates would come into contact with the roller bearings and further bending would 
be resisted. 
The restraining frame on the Hushmand tank was also used to support the laminates. 
By restraining the tank within a frame of vertical supports, the tank was restricted to 
move in the direction of the shaking table only, with no torsional rotation possible. 
Neither of the circular tanks had used support frames so it was possible that torsional 
rotations occurred during these tests. The restraining frame would also act as a 
support for the laminates when the tank was empty. 
Soil confinement is not a significant problem for rigid tanks but laminar tanks must be 
provided with some measure for preventing the soil from discharging between the 
laminates. The most common method for confining the soil within the tank has been 
to line the empty tank with a flexible rubber membrane. The membrane provides 
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confinement without hindering the displacement of the soil column. Other 
confinement methods have included a loose plastic liner (Hushmand et al.) and no 
liner at all (Whitman et al.), but in this case the Teflon sliders forming a continuous 
seal between each laminate. 
6.2.2 University of Canterbury Tank Design 
The design chosen for the University of Canterbury laminar tank follows from that of 
Hushmand et al., and is shown in Figure 6.5. The tank has internal dimensions of 
1.8 m long by 1.8 m wide by 2.0 m tall. The dimensions give a length-to-depth ratio 
of 0.9, which is relatively low but maintains a balance between the need to reduce 
bending and the need for an appropriate soil volume for testing the drilled shafts. 
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The laminates were made from 100 mm by 50 mm cold formed steel channel that was 
laid on its flat and welded into rectangular laminates. Teflon was chosen as the most 
efficient way of separating the laminates, as it was relatively simple to construct and 
would maintain a constant separation of the laminates, with little or no maintenance. 
Teflon strips of 150 mm long by 10 mm wide by 1 mm thick were glued to both sides 
of the laminates at six locations. Tests showed that the strips produced a coefficient of 
friction of 0.07, indicating that at normal stresses equivalent to those at the base of the 
tank, the load required to shear the laminates was only 2 percent of the load required 
to shear the soil mass. 
The soil was contained within the tank with a flexible membrane liner. Latex rubber 
sheets, each 1 mm thick, were draped over the inside of the laminates and glued to the 
top laminate. The sheets were overlapped and the horizontal soil stress kept the sheets 
in place during each test. 
The laminates were supported by a steel frame that was constructed from 50 mm by 
50 mm Rectangular Hollow Section (RHS), with 10 mm diameter rods acting as 
cross-bracing members. The frame restricted the laminates to move only in the 
direction of the shaking table and also supported the stack of laminates when the tank 
was empty. Incorporated into the frame were movable steel end-stops and a steel top-
cap. Between tests, the 50 mm by 50 mm RHS end-stops were bolted against the 
laminates so they would prevent the laminates from moving when the tank was 
empty. During each test the end-stops were extended out to the end of the frame, so 
that the tank could deflect in shear. In their extended position, the end-stops could still 
limit any extreme shear deformations. The steel top-cap was made from 100 mm by 
50 mm RHS and was bolted to the top of the restraining frame. It sat over the stack of 
laminates and could be adjusted at the start of each test to provide a small contact 
pressure between it and the laminates. Both the top-cap and the side members of the 
supporting frame were coated with Teflon strips to reduce friction during testing. 
The stack of laminates and the supporting frame were fixed to a 100 mm by 100 mm 
RHS base-frame, which had a 10 mm thick steel plate floor. The tank was bolted to 
the shaking table with twelve 10 mm diameter bolts. 
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6.3 SOIL 
These tests were performed with the same silica sand that was used for the static soil 
deposit tests. A description of the sand, the reasons for its selection and its relevant 
engineering properties are given in Section 3.2. 
6.4 PREPARATION OF SOIL DEPOSIT 
These deposits were also prepared by air pluviation, but the large mass involved in 
these tests meant it was not feasible to employ a two-tank handling system. Instead, a 
hopper and storage bin system was used to fill and to empty the laminar tank. The 
hopper system is shown in Figure 6.6. 
Figure 6.6 - Hopper system for preparing soil deposits (laminar tank also shown) 
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The 0.5 m3 hopper was constructed from 12 mm plywood, fixed to a 25 mm square 
steel tube frame. The base of the hopper contained a gate for the soil to flow through. 
The gate consisted of two perforated steel plates with a screw mechanism to align the 
holes in the plates. 
Between tests, the sand was stored in a plywood tank. The plywood tank was placed 
on 1 m high trestles so that the hopper could be rolled underneath it and quickly filled 
via a wooden gate in the base of the plywood tank. The full hopper was then fitted 
with the same funnel/hose/diffuser system that was used in the static soil deposit tests 
then lifted over the laminated tank with the overhead travelling crane. The gate on the 
hopper was then opened and the sand flowed out. The flow rate of the sand could be 
adjusted while the hopper was suspended overhead by way of a chain block 
mechanism, similar to those used on roller type garage doors. 
Modifications were made to the original diffuser because the rate of soil deposition 
with the original diffuser had be~n p~icularly slow. Th~ second diffuser was 
constructed by attaching a set of200n#ndi~nietersieves to the flexible hose. Prudent 
selection of sieve sizes meant that a balance could be found between the desired 
relative density and an adequate rate of deposition. The sieves chosen for the new 
diffuser were two 10 mm and two 5.5 mm sieves, which allowed each tank to be filled 
in approximately 8 hours. The average density of the soil deposit was found by 
weighing the full tank after each test. Details of the weights are given in Table 6.2, 
showing that the average relative density of the soil was 46 percent, with a range of 
+/- 6 percent. 
After each test, the laminar tank was emptied and the sand returned to the plywood 
tank. To empty the tank, it was Hfted onto load-skates then wheeled off the shaking 
table and onto a pair of trestles. A steel sliding gate was opened in the base of the tank 
and the sand allowed to pour back into the hopper. Each full hopper was then lifted 
over the plywood storage tank where the hopper gate was opened and the sand 
returned to storage. 
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Table 6.2 - Densities of Shaking Table Soil Deposits 
"''' '""'~'~'-"'"""""""'"''',,,_,_. 
Test Total Mass Soil Density Void ratio Relative Density 
(kg) (t/m3) (%) 
...... ______________ -------·-----
302 5837 1.55 0.71 40 
303 5884 1.57 0.69 46 
304 5856 1.56 0.70 43 
305 5925 1.58 0.68 51 
306 5902 1.57 0.68 49 
307 5914 1.58 0.68 50 
308 5867 1.56 0.70 44 
309 5888 1.57 0.69 47 
310 5899 1.57 0.68 48 
312 5885 1.57 0.69 46 
313 5915 1.58 0.68 50 
314 5934 1.58 0.67 52 
315 5885 1.57 0.69 46 
316 5864 1.56 0.70 44 
318 5915 1.58 0.68 50 
319 5873 1.56 0.70 45 
320 5850 1.56 0.70 42 
321 5854 1.56 0.70 43 
<--= - .... ~~-. ~--
6.5 CONSTRUCTION OF DRILLED SHAFT 
A cast-in-situ concrete drilled shaft was used successfully for the first series of tests 
but the test schedule was hampered by the need for a 24 hour concrete curing period. 
During the curing period, neither the drilled shaft nor the soil deposit could be 
disturbed, so the time became non-productive in terms of achieving test results. To 
overcome this loss of productive time, an artificial drilled shaft was constructed and 
used for the shaking table tests. No curing time was necessary for the artificial drilled 
shaft so it could be tested as soon as the soil deposit had been prepared. The artificial 
drilled shaft was similar in size to the cast in-situ drilled shaft, with a buried length of 
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1450 mm and a diameter of 95 mm. It was constructed from hollow steel tube and 
was coated with a mixture of sand and epoxy resin to simulate the roughness of a cast 
in-situ drilled shaft. The hollow steel tube had a wall thickness of 1.5 mm which gave 
the drilled shaft a calculated flexural stiffness of 83600 Nm2, compared with a 
calculated flexural stiffness of 85300 Nm2 for the cast in-situ drilled shaft. 
The artificial drilled shaft was prepared by simply suspending the shaft in the empty 
tank and depositing the sand around it. Again, care was taken to avoid disturbing the 
shaft while the soil deposit was prepared. When the soil was deposited, the drilled 
shaft could be tested immediately. 
6.6 INSTRUMENTATION OF TANK 
The following measurements were made during each test and the results recorded on a 
PC-based data acquisition system: Calibrations of these instruments are given in 
Appendix D 
• Shaking Table Displacement - with a linear potentiometer attached to the table 
• Shaking Table Acceleration - with an accelerometer attached to the table 
• Tank Acceleration - with an accelerometer attached to the top of the tank 
• Tank Displacement-with an array of linear potentiometers, as shown in Fig. 6.5. 
• Soil Surface Settlement - with a linear potentiometer attached to the tank frame 
Manual measurements were also made of the total soil settlement at different depths. 
Indicators were constructed from 150 mm by 150 mm, thin wooden plates that were 
each laid flat at various depths within the soil deposit, as shown in Figure 6.7. 
Attached perpendicularly to each plate was a slender steel rod. The rod protruded 
through the soil to the surface so that, as the soil settled, the change in height of the 
rod would indicate the settlement at that particular depth. 
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I dz = settlement 
Figure 6. 7 - Settlement Indicators 
6. 7 TANK BEHAVIOUR AND SOIL RESPONSE 
The laminar tank was designed so that the soil would model a free-field response to 
shear loading when the tank and soil deposit were shaken on the shaking table. 
Observations from video recordings show that the tank responded as designed, in so 
much as the response to horizontal shaking was predominantly a shear response. Only 
minor cantilever bending actions were detected during each test. The horizontal 
displacement of the tank was measured with an array of linear potentiometers and a 
typical deflected shape is shown in Figure 6.8. In this case, the shaking is cyclic at a 
frequency of 1 Hz. 
Also shown in Figure 6.8 is a theoretical response that was calculated using the 
SHAKE computer program of Schnabel et al. (1972). The program models the system 
as a linear visco-elastic soil mass that is subjected to vertically propagating shear 
waves. The program divides the soil deposit into a selected number of horizontal 
layers that extend to infinity in the horizontal direction, with the bottom layer being 
an elastic half-space. Each layer is homogeneous and isotropic and is characterised by 
a thickness h, a mass density p, a shear modulus G, and a damping factor /J . 
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Figure 6.8 - Typical Deflected Shape of Laminar Tank at a Frequency of 1 Hz. 
(From Yang (1998)) 
The soil parameters used for the Shake program were calculated from equations by 
Hardin & Dmevish (1972) then these calculated soil parameters were adjusted for 
their shear strain and confining stress dependency. The adjustments were calculated 
from equations by Seed & Idriss (1970). Plots of the adjusted soil modulus and 
damping ratio are given in Figure 6.9. These plots show that the effective shear 
modulus is proportional to the square root of depth and the effective damping ratio is 
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Figure 6.9 - Effective Soil Parameters for Soil Deposit at a Frequency of 1 Hz. 
(From Yang (1998)) 
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The measured deflected shape shown Figure 6.8 shows that the laminar tank appears 
to have linear response to shaking at 1 Hz. It also shows, however, that the tank has a 
higher stiffness near its base, when compared to the results from the Shake model. 
The increased stiffness may be due to crushing of the Teflon sliders, thereby 
increasing the friction between them. It may also be due to debris becoming trapped 
between the sliders. However, the zone of increased stiffness is not excessively 
different from the Shake model (which is only a model) and both show that the 
laminar tank has a predominantly linear response to cyclic shaking at a frequency of 
1 Hz. 
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The second aspect of soil behaviour that significantly affected the response of the soil 
layer is that of settlement. Figure 6.10 shows the surface settlement of the soil deposit 
during a typical load test of 20 cycles at 1 Hz (with a peak table displacement of 
45 mm). Figure 6.10 shows that there was a significant amount of settlement in the 
early cycles of loading but the rate of settlement decreased as the soil compacted. 
TIME (sec) 












Figure 6.10 - Surface Settlement During 20 Cycles of Loading at 1 Hz. (Peak Table Disp=45mm). 
Measurements taken from the buried plates are shown in Figure 6.11, indicating how 
the overall settlement is distributed over the height of the soil layer. It appears from 
the linear trend-line overlain in Figure 6.11 that the settlement is reasonably evenly 
distributed over the soil layer. There does, however, appear to be a smaller amount of 
settlement near the base of the tank. This region coincides with the region of lower 
shear displacement that was observed in Figure 6.8 and is consistent with the findings 
of Silver & Seed (1971) who found that the settlement of a soil layer was proportional 
to the shear strain in that layer. 
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Figure 6.11 - Settlement versus Depth after 20 Cycles at 1 Hz. 
The settlement increases the relative density of the soil and, therefore, also the 
stiffness, resulting in smaller shear displacements as each consecutive cycle of 
shaking is applied. Figure 6.12 shows the lateral displacement at the top of the tank 
over 20 cycles of shaking and it is clear that the peak displacement decreases with 
increasing numbers of cycles. It is likely that this increase in stiffness is due to an 
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Figure 6.14 -Displacement at Top of Tank During Cyclic Load Test 
In order to compare different levels of shaking it is preferable to determine the actual 
response of the soil rather than the loads, displacements or accelerations that are 
applied to the soil. If the actual soil response is measured, then any variations in the 
input or the soil deposit are accounted for. 
A parameter called the Average Peak Shear Strain (APSS) has been developed to 
quantify the actual soil response. The APSS accounts for the deflected shape of the 
soil deposit and also for the settlement that occurs during shaking. The following 
steps are used to calculate the APSS: 
1. The shear strain of the soil deposit is calculated for all depths and times from the 
displacement data recorded by the array of potentiometers. 
2. The shear strain is averaged over the soil column. The soil deposit is therefore 
assumed to have a linear deflected shape, which appears justified according to 
Figure 6.8. 
3. The peak shear strain is found at each half cycle of shaking and then these peaks 
are averaged over the number of half cycles. Averaging the peaks over the whole 
of the test accounts for the reductions in shear strain as the soil settles and 
stiffens. 
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The APSS has been determined for all the shaking table tests and the values range 
from 0.10 percent for Test 203a to 1.56 percent for Test 302. Further examples of the 










Table 6.3 -Examples of APSS Values Determined from Shaking Table Tests 






















The values in Table 6.3 show that the APSS increases with increasing table 
acceleration. They also show that the amount of surface settlement increases as the 
APSS increases. The usefulness of the APSS is highlighted by the differences in 
Tests 21 0a and 310. Both tests were performed at the same peak table displacement 
( and table frequency) but each had a different peak table acceleration. These results 
show that it more prudent to measure the actual soil response rather than assume a soil 
response from the input parameters. 
Tests 21 0a and 310 showed different soil responses because they were performed with 
different controllers on the shaking table. The two controllers were described in 
Section 6.1. The 200 series tests were performed with the old controller and the 
300 series tests were performed with the new controller, the latter producing a greater 
peak acceleration for the same input table displacement. Again, this highlights the 
need to measure the actual soil response rather than any input parameter. 
105 
SUMMARY 
A laminated tank was designed and constructed for use on the shaking table at the 
University of Canterbury. The tank was used to contain a soil deposit while allowing 
the soil to displace as it was shaken on the shaking table. The tank was designed to 
model the free-field response of a horizontal soil layer under simulated seismic 
loading 
A storage and hopper system was constructed to enable each soil deposit to be 
prepared. The soil was transferred from the storage tank to the hopper then deposited 
in the laminar tank in a controlled manner. The transfer method allowed 
homogeneous soil deposits to be repeatedly produced at an average relative density of 
46 percent. 
An artificial model drilled shaft was constructed for these tests. The drilled shaft was 
constructed from steel tube and coated with a sand/epoxy resin mixture, giving it a 
surface roughness that was similar to that of cast-in-situ concrete. The artificial drilled 
shaft had a flexural stiffness that was similar to the reinforced concrete drilled shaft 
used for the previous tests. 
The response of the laminar tank was similar to that of a theoretical free-field soil 
response. The deflected shape of the tank could be seen as a simple linear function of 
depth. The magnitude of tank deflection was a function of the number of cycles of 
shaking, with the tank stiffening up as successive cycles were applied. The increase in 
stiffness was most likely due to an increase in soil density due to settlement under 
repeat cycles of shear strain. The average peak shear strain (APSS) has been 
developed as a measure of the soil response. The APSS is the peak shear strain of 
each half load cycle, averaged over the height of the soil column, and over the full 
number of cycles. The APSS shall be used to quantitatively determine the level of soil 
shaking when the tank is used to test model drilled shaft foundations. 
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Chapter Seven 
TESTING OF MODEL DRILLED SHAFTS UNDER AXIAL LOADS IN 
SHAKING SOIL DEPOSITS. 
INTRODUCTION 
This chapter details a series of tests performed on model drilled shaft foundations in a 
shaking soil deposit. Different axial loads were applied to each shaft while the 
surrounding soil deposit was shaken under simulated seismic shear loading. A full list 
of the test results is given. Examples are also given of the different responses to both 
soil shaking and to the applied axial loads. Graphical summaries are given of the 
overall shaft displacements and the changes in shaft capacity under different types of 
axial load and soil shaking. 
7.1 LOAD TEST PROGRAM 
The first tests were monotonic uplift and monotonic compression tests. The model 
drilled shaft and the soil density had changed from the earlier tests so monotonic tests 
were required to reestablish the static uplift and static compressive capacities. The 
shaft had changed from a cast in-situ reinforced concrete drilled shaft to a sand and 
epoxy coated steel tube shaft and the relative density of the soil deposit had changed 
from 31 percent to 4 7 percent. The capacities found from these tests would act as 
benclunarks and the capacities after each load test would be compared to them. 
The second set of tests were monotonic uplift and compression tests performed after 
soil shaking. These tests were performed to determine the changes in capacity due to 
shaking and, particularly, to settlement of the soil. The magnitude of the shaking was 
varied from test to test and there was zero load on the drilled shaft during shaking. 
For the third set of tests, each drilled shaft was subjected to a constant axial load 
while the soil deposit was shaken. These tests were performed to determine the static 
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capacity of the drilled shaft during shaking. The magnitudes of both the shaking and 
the constant axial load were varied from test to test. 
For the fourth set of tests, each drilled shaft was subjected to a cyclic axial load while 
the soil deposit was shaken. These tests were performed to determine the cyclic 
capacity of the drilled shaft during shaking. The magnitude of the cyclic axial load 
and the phase difference between peak axial load and peak soil motion were varied 
from test to test. 
7.2 LOADING RIG AND INSTRUMENTATION 
Axial loads were applied to the drilled shaft with the same hydraulic actuator that was 
used for the load tests in static soil deposits, as described in Section 4.2. The reaction 
frame was modified for these tests so that it could be attached to the laminar tank. 
A trigger system was constructed so that the axial loads and the soil motions could be 
synchronised. The trigger system is shown in Figure 7 .1. The system utilised a trigger 
function within the waveform generator whereby the load signal would be initiated 
when the waveform generator received a pulse from a triggering device. The 
triggering device for these tests consisted of a rotary encoder that was wired to the 
shaking table. The first movement of the shaking table would activate the rotary 
encoder and trigger the waveform generator. 
The results from a typical synchronised test are shown in Figure 7 .2. The peak 
displacement at the top of the tank has been synchronised with the peak axial load on 
the drilled shaft, giving a phase difference between the two of zero degrees in this 
case. The generator also had a delay function so the phase difference between soil 
motion and shaft axial loading could be adjusted from one test to another. The 
shaking table tests were all performed at a phase difference of either zero degrees or 
ninety degrees - the maximum and minimum phase differences between axial load 













Figure 7.1 -Trigger System for Simultaneous Axial :Loading and Soil Motion 
Axial load and axial displacement were measured electronically during each test and 
recorded on the same PC based data acquisition system used for the earlier tests. 
Electronic measurements were also taken from a soil pressure transducer that was 
buried 20 mm from the shaft and at different depths for each test. 
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Figure 7.2 - Phase Difference between Tank Displacement and Axial Load for Test 304 
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7.3 MONOTONIC LOAD TESTS WITHOUT SOIL SHAKING 
The results for all the tests performed in the laminar tank are given in Table 7 .1. 
7.3.1 Monotonic Uplift Capacity 
Four monotonic uplift tests (tests 200a, 200b, 201a, 201b) were performed on model 
drilled shafts in the laminar tank without soil shaking. A typical load/displacement 
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Figure 7.3 - Load versus Displacement for Monotonic Uplift Test 200b 
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The static uplift capacity (Qus) for Test 200a was found to be 1.30 kN. The capacities 
for Tests 200b, 201a and 201b were 1.28 kN, 1.25 kN and 1.30 kN, respectively. The 
average static uplift capacity for the model drilled shaft in the laminar tank without 
soil shaking was therefore taken to be Qus = 1.28 kN. 
The static uplift capacity of the earlier reinforced concrete drilled shaft was 1.59 kN. 
The difference between the two model drilled shafts may be due to the artificial 
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drilled shaft not having the same roughness as the reinforced concrete, although this 
should not have a significant effect according to the research on surface roughness 
outlined in Chapter 2. Instead, it is possible that the hydrostatic pressure of the 
column of wet concrete may compress the surrounding soil before it sets, thereby 
increasing the radial stress on the drilled shaft and increasing the uplift capacity 
accordingly. 
7.3.2 Monotonic Compressive Capacity 
Two monotonic compression tests (tests 202a, 202b) were performed on model drilled 
shafts in the laminar tank without soil shaking. A typical load/displacement response 
(for test 202b) is shown in Figure 7.4. 
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Figure 7.4 - Load versus Displacement for Monotonic Compression Test 202b 
The interpreted compressive capacity (Qcs) for Test 202a was found to be 2.00 kN. 
The capacity for Test 202b was 1.95 kN, so the average interpreted compressive 
capacity for the model drilled shaft, in the laminar tank, was taken to be Gcs= 1.98 kN. 
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The static compressive capacity of the earlier reinforced concrete drilled shaft was 
2.68 kN. The capacity difference between the two drilled shafts may again be due to 
stress increases during the casting process. The difference may also be due to the 
preparation method used for the epoxy coated steel drilled shaft. The shaft was 
prepared by suspending it in the tank and depositing the soil around it by air 
pluviation. This method meant that the soil beneath the tip of the shaft was probably 
very loose because it was not possible to move the diffuser in underneath the shaft 
during soil preparation. The same problem arises for the reinforced concrete shaft 
when the soil is prepared around a casing but it is likely that the soil beneath the tip is 
then compacted when the wet concrete is placed. 
Table 7.1- Load Test Results for Laminar Tank 
Test Table Axial Load Amplitude APSS Soil Shaft Residual 
Amplitude (kN) (%) Settlement Displacement Uplift 
(mm) (mm) (mm) Capacity 
kN . ----------·-·--• 
200a Uplift Failure 1.30 
200b Uplift Failure 1.28 
201a Uplift Failure 1.25 
201b Uplift Failure 1.30 
202a Comp Failure -2.00 
202b Comp Failure -1.95 
203a 30 0.32 - constant 0.10 -8 -3 1.99 
203b 30 0 0.10 -8 -4 1.48 
204a 50 0.32 - constant 0.86 -67 -25 3.60 
204b 50 0 0.86 -67 -32 3.30 
205a 40 0.32 - constant 0.33 Data Lost -10 Data Lost 
205b 40 0 0.33 ................. Data Lost. ................ 
206a 45 0.32 - constant 0.57 -61 -24 2.95 
206b 45 0 0.57 -61 -29 Data Lost 
207a 30 0.64 - constant 0.13 -10 -3 1.89 
207b 30 0 0.13 -10 -6 1.49 
208a 50 0.64 - constant 1.00 -73 -19 4.03 
208b 50 0 1.00 -73 -34 3.35 
209a 40 0.64 - constant 0.38 -34 -7 2.61 
209b 40 0 0.38 -34 -15 2.19 
.,...., .• ~.-,,,_=,a=,-.·""'-"co•, ,.--•~; 
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210a 45 0.64 - constant 0.53 -42 -6 2.60 
210b 45 0 0.53 -42 -18 2.56 
211a 30 0.96 - constant 0.11 -7 0.84 
21 lb 30 0 0.11 -7 -4 1.51 
212a 50 0.96 - constant 1.02 -69 30 Failure 
212b 50 0 1.02 -69 -34 3.28 
213a 45 0.86 - constant 0.65 -52 10 0.66 
213b 45 0 0.65 -52 -26 2.71 
301 45 0.64 - cyclic, d=90° .............. Data Lost. ............... 3.75 
302 45 0.64 - cyclic, d=90° 1.56 -76 -43 3.80 
303 45 0.64- cyclic, d=0° 1.38 -78 -33 4.00 
304 45 0.77 - cyclic, d=90° 1.40 -69 -35 3.79 
305 45 0.90 - cyclic, d=90° 1.39 -72 -34 3.75 
306 45 1.02 - cyclic, d=90° 1.32 -71 -26 3.78 
307 45 1.15 - cyclic, d=90° 1.30 -66 -27 4.22 
308 45 1.41 - cyclic, d=90° 1.55 -71 -30 3.99 
309 45 1.66- cyclic, d=90° 1.48 -71 -15 4.22 
310 45 1.92 - cyclic, d=90° 1.48 -74 27 Failure 
311 45 1.92 - cyclic, d=0° DataLost -76 35 Failure 
312 45 1.664 - cyclic, d=0° 1.44 -71 26 Failure 
313 45 1.41 - cyclic, d=0° 1.39 -70 -29 4.58 
314 45 1.54 - cyclic, d=0° 1.46 -68 4 1.98 
315 45 1.79 - cyclic, d=90° 1.40 -67 14 2.90 
316 45 Load not applied 1.50 -73 -33 3.89 
317 45 0 Data Lost -36 
317a 2.31 - cyclic 70 Failure 
317b 1.65 - cyclic 70 Failure 
318 45 0 1.54 -72 Data Lost 
318a 0. 99 - cyclic 0 3.73 
318b 1.28 - cyclic 12 0.52 
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7.4 MONOTONIC LOAD TESTS AFTER SOIL SHAKING 
The laminar tank was bolted to the shaking table for these tests and then subjected to 
the simulated earthquake event. The event consisted of 20 cycles of sinewave, applied 
at a frequency of 1 Hz. The sinewave amplitude was kept constant over the 20 cycles, 
but varied between tests. A typical table motion, with a peak-to-peak displacement of 
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Figure 7.5 - Table Displacement versus Time for Test 206 
Twelve monotonic uplift or compression tests were performed on model drilled shafts 
after shaking of the soil deposit. The results from these tests are summarised in 
Table 7.2. 
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Table 7.2 - Monotonic Uplift Test Results after Soil Shaking 
Test Table Axial Load APSS Soil Shaft Uplift 
Amplitude Amplitude (%) Settlement Displacement Capacity Qud 
{mm} {kN) {mm2 {mm) _____ {kN) 
203b 30 0 0.10 -8 -4 1.48 
204b 50 0 0.86 -67 -32 3.30 
205b 40 0 0.33 ................. Data Lost. ................ 
206b 45 0 0.57 -61 -29 Data Lost 
207b 30 0 0.13 -10 -6 1.49 
208b 50 0 1.00 -73 -34 3.35 
209b 40 0 0.38 -34 -15 2.19 
210b 45 0 0.53 -42 -18 2.56 
21 lb 30 0 0.11 -7 -4 1.51 
212b 50 0 1.02 -69 -34 3.28 
213b 45 0 0.65 -52 -26 2.71 
316 45 0 1.50 -73 -33 3.89 
The results from these tests are shown in Figure 7.6, with the uplift capacity (Qud) 
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Figure 7.6 -Monotonic Uplift Capacity after Shaking (Qud) versus APSS 
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1.60 
Figure 7.5 shows a close correlation between APSS and uplift capacity (Qud) with 
uplift capacity increasing with increasing APSS, although the rate of increase tends to 
lessen at higher APSS. The smaller rate of increase at higher APSS values may be due 
to the soil approaching its minimum void ratio. The denser the soil becomes, the less 
affect the shaking has on density. The best-fit curve shown in Figure 7.5 is given by 
the relationship: 
Qud (kN) = -0.62 * APSS 2 + 2.68 * APSS + Qus (kN) (7.1) 
in which Qud is the uplift capacity after shaking, APSS is the average peak shear strain 
of the soil deposit during shaking and Qus is the uplift capacity without shaking. 
Equation 7.1 shows that there was an increase in drilled shaft uplift capacity that was 
explicitly due to shaking of the soil deposit. No axial loads were applied to the drilled 
shaft during these shaking tests so the change in capacity must due to changes in the 
soil mass during shaking. The correlation shown in Equation 7 .1 was used to 
differentiate between the effects of soil shaking and the effects of applied axial loads 
during subsequent model drilled shaft tests. 
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7.5 CONSTANT AXIAL LOAD APPLIED DURING SOIL SHAKING 
Constant axial loads were applied to eleven model drilled shafts while the soil deposit 
was shaken. At the end of shaking, each drilled shaft was tested in monotonic uplift to 
detem1ine the uplift capacity. The results from these tests are summarised in 
Table 7.3. Note that all the axial loads were uplift loads because this study focused on 
the uplift capacity of drilled shafts under simulated seismic loads. 
Table 7.3 -Test Results for Constant Axial Load applied during Soil Shaking 
Test Table Constant Axial APSS Soil Shaft Uplift 
Amplitude Load Amplitude (%) Settlement Displacement Capacity Qu 
(mm) {kN} {mm} (mm} {kN} 
203a 30 0.32 0.10 -8 -3 1.99 
204a 50 0.32 0.86 -67 -25 3.60 
205a 40 0.32 0.33 Data Lost -10 Data Lost 
206a 45 0.32 0.57 -61 -24 2.95 
207a 30 0.64 0.13 -10 -3 1.89 
208a 50 0.64 1.00 -73 -19 4.03 
209a 40 0.64 0.38 -34 -7 2.61 
210a 45 0.64 0.53 -42 -6 2.60 
211a 30 0.96 0.11 -7 1 0.84 
212a 50 0.96 1.02 -69 30 Failure 
213a 45 0.86 0.65 -52 10 0.66 
,_,,._ =•-/ 
The test results show that some of the drilled shafts were stable during shaking while 
others either failed in uplift or underwent large reductions in uplift capacity. Changes 
in uplift capacity were found for all of the drilled shafts after shaking. 
The results from a typical stable test (206a) are shown in Figure 7.7. The constant 
axial load on the drilled shaft was 0.32 kN and the APSS was 0.57 percent. Also 
shown for comparison in Figure 7. 7 is the displacement trace of a drilled shaft 
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Figure 7.7 - Drilled Shaft Displacement versus Time for Constant Axial Load Test 206a 
The results from a typical unstable test (213a) are shown in Figure 7.8. The constant 














Figure 7.8 - Drilled Shaft Displacement versus Time for Constant Axial Load Test 213a 
The displacement results from the constant axial load tests have been summarised in 
Figure 7.9. The displacement of the drilled shaft after shaking is plotted against the 
constant axial load. Figure 7.9a has the constant axial load normalised by the static 
uplift capacity before shaking (Qus) and Figure 7.9b has the constant axial load 
normalised by the static uplift capacity (Qud) after the equivalent level of shaking but 
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with zero axial load. Normalising by Qus presents the axial load as a proportion of the 
original static capacity (which could be considered as the static design capacity). 
Normalising by Qud accounts for the capacity increase due to settlement of the soil 
during shaking so the results are presented as a proportion of the final static uplift 
capacity. The test results have been divided into three groups according to the level of 
soil shaking. The three groups are identified by their corresponding mean APSS. 
(Note that uplift is plotted as a positive displacement). 
Figure 7.9a shows that the shaft undergoes a relatively constant downward 
displacement with the settling soil if the axial load is less that approximately 
50 percent of Qus• If, however, the axial load is greater than approximately 50 percent 
of Qus then large upward displacements occur as the drilled shaft is pulled out of the 
soil deposit during shaking. The results show no clear trend with regard to the level of 
shaking. 
Figure 7.9b shows that the level of shaking has an influence on the results. Under 
weaker shaking, the shaft appears to undergo large upward displacement and pull out 
of the soil deposit during shaking if the constant axial load exceeds approximately 
50 percent of Qud• If the level of shaking is increased then the same large upward 
displacements occur but at lower axial loads. At higher shaking levels, the shaft pulls 
out of the soil mass under a constant axial load of approximately 25 percent of Quct• It 
appears therefore that the load required to cause uplift failure during shaking 
decreases as the level of shaking increases. 
It is difficult to determine the actual change in shaft capacity from these results 
because neither Qus nor Qud are truly representative of the uplift capacity of the drilled 
shaft during shaking. They are the static capacities at each end of the test, rather than 
during the test. Qus underestimates the uplift capacity because it does not account for 
the soil settlement and Quct overestimates the uplift capacity because the soil has 
undergone the full settlement associated with that level of shaking. A more 
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Figure 7.9a - Total Shaft Displacement versus Constant Axial Load Normalised by Uplift 
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Figure 7.9b - Total Shaft Displacement versus Constant Axial Load Normalised by Uplift 
Capacity After Shaking Only 
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Figure 7. 7 showed the settlement of the drilled shaft during a load test with no axial 
load. This graph may be used to arbitrarily define a static uplift capacity during 
shaking because both the settlement and the uplift capacity after shaking were 
proportional to the level of shaking. The shape of the graph in Figure 7. 7 shows that 
there is considerable settlement in the first quarter of the shaking then the settlement 
rate becomes much less over the remainder of the test. If the uplift capacity is 
assumed to follow the same path from Qus to Qud then a static uplift capacity during 
shaking may be defined from Figure 7. 7 as follows: 
Let the static uplift capacity (Quu) be arbitrarily selected as the equivalent uplift 
capacity at the midpoint of the shaking test. At the midpoint of the shaking test, the 
settlement has typically reached 90 percent of the total settlement. If the increase in 
uplift capacity is assumed to follow the same shape as the settlement then the static 
uplift capacity during shaking (Quu) will be: 
(8.1) 
Figure 7.10 shows the results of the shaking tests under constant axial load with the 
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Figure 7.10 - Total Shaft Displacement versus Constant Axial Load Normalised by Uplift 
Capacity During Shaking 
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Figure 7 .10 shows that large upward displacements occur during shaking at constant 
axial load levels that are considerably less than the static uplift capacity, Quu• Again, 
the axial loads causing these large displacements appear to be proportional to the level 
of soil shaking, with lower magnitude axial loads causing uplift failure as the level of 
shaking increases. 
The test results also show that the uplift capacity after shaking (Qu) is affected by the 
constant axial load applied during shaking. Figure 7 .11 shows the results from the 
monotonic uplift tests performed after soil shaking. The constant axial load (Po) is 
normalised by the static uplift capacity during shaking (Quu), The uplift capacity after 
shaking with constant axial load (Qu) has been normalised by the uplift capacity after 
shaking with no axial load (Qua). The test results have been divided into three groups 
according to the level of soil shaking. (The uplift capacity of Test 212a, that failed 
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Figure 7.11 -Uplift Capacity Normalised by Uplift Capacity After Shaking Only versus Constant 
Axial Load Normalised by Uplift Capacity During Shaking 
Figure 7 .11 shows that, regardless of the level of shaking, there will be an increase in 
uplift capacity if a low level constant axial load is applied to the drilled shaft during 
shaking. If the axial load is less than approximately 25 percent of Quu then the uplift 
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capacity of the drilled shaft will increase after shaking. If the constant axial load 
exceeds 25 percent of Quu, however, then the static uplift capacity will be greatly 
reduced after strong soil shaking. The reductions in uplift capacity coincide with the 
large upward displacements seen in Figure 7.10 for the corresponding constant axial 
loads and levels of shaking. 
If the level of shaking is low then the static uplift capacity will continue to increase 
until the constant axial load exceeds approximately 55 percent of Quu• If the axial load 
increases above approximately 55 percent of Quu at low levels of shaking then large 
reductions will occur in the uplift capacity of the drilled shaft. Again, the reductions 
in uplift capacity coincide with the large upward displacements seen in Figure 7 .10. 
7.6 CYCLIC AXIAL LOAD APPLIED DURING SHAKING 
Cyclic axial loads were applied to fifteen model drilled shafts while the soil deposit 
was shaken. At the end of shaking, each drilled shaft was tested in monotonic uplift to 
detennine the uplift capacity. The results from these tests are summarised in 
Table 7.4. All the axial loads were applied about a zero mean load because this had 
been shown from the cyclic tests in a static soil deposit to be the worst case loading 
configuration. All the tests were performed at approximately the same level of 
shaking so that the parameters under investigation were limited to the cyclic axial 
load amplitude and the phase difference between axial loading and soil shaking. 
Table 7.4 -Test Results for Cyclic Axial Load applied during Soil Shaking 
. ~ --~-~. ··-= 
Test Table Cyclic Axial Phase APSS Soil Shaft Uplift 
Amplitude Load difference (%) Settlement Displacement Capacity 
(mm) Amplitude (degrees) (mm) (mm) Ou (kN) 
{kN} - ~~-·-·-----.·--~-·----·~·- -
301 45 0.64 90 Data Lost 3.75 
302 45 0.64 90 1.56 -76 -43 3.80 
303 45 0.64 0 1.38 -78 -33 4.00 
304 45 0.77 90 1.40 -69 -35 3.79 
305 45 0.90 90 1.39 -72 -34 3.75 
306 45 1.02 90 1.32 -71 -26 3.78 
~--~-"--~-~-~-
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307 45 1.15 90 1.30 -66 -27 4.22 
308 45 1.41 90 1.55 -71 -30 3.99 
309 45 1.66 90 1.48 -71 -15 4.22 
310 45 1.92 90 1.48 -74 27 Failure 
311 45 1.92 0 DataLost -76 35 Failure 
312 45 1.664 0 1.44 -71 26 Failure 
313 45 1.41 0 1.39 -70 -29 4.58 
314 45 1.54 0 1.46 -68 4 1.98 
315 45 1.79 90 1.40 -67 14 2.90 
The test results show that some of the drilled shafts were stable during shaking while 
others failed in uplift. Changes in uplift capacity were found for many of the drilled 
shafts after shaking. 
The results from a typical stable test (304) are shown in Figure 7.12. The cyclic axial 
load amplitude was 0. 77 kN and the APSS was 1 .40 percent. The phase difference 
between peak axial load and maximum soil displacement was 90 degrees. Also shown 
for comparison in Figure 7.12 is the displacement trace of a drilled shaft (Test 316) at 
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Figure 7.12 - Drilled Shaft Displacement versus Time for Cyclic Axial Load Test 304 
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The results from a typical unstable test (310) are shown in Figure 7 .13. The cyclic 
axial load amplitude was 1.92 kN and the APSS was 1.48 percent. The phase 
difference between peak axial load and maximum soil displacement was 90 degrees. 
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Figure 7.13- Drilled Shaft Displacement versus Time for Cyclic Axial Load Test 310 
The displacement results from the cyclic axial load tests have been summarised in 
Figure 7.14. The displacement of the drilled shaft after shaking is plotted against the 
cyclic axial load amplitude, with the cyclic axial load normalised by the static uplift 
capacity during soil shaking (Quu), The test results have been divided into two groups 




















--phase diff = 0 degrees 
- - - - - - - phase diff = 90 degrees 
0.10 0.20 0.30 
• • 
.. -a· .. 
• 
•' ,• 




/ 0.50 0.60 
. 
.CJ 
Figure 7.14 - Total Shaft Displacement versus Cyclic Axial Load Amplitude Normalised by Uplift 
Capacity During Shaking 
Figure 7.14 shows that the shaft undergoes a relatively constant downward 
displacement if the axial load is less than approximately 40 percent of Quu• If, 
however, the axial load is greater than approximately 40 percent of Quu then large 
upward displacements occur as the drilled shaft is pulled out of the soil deposit during 
shaking. The results show that phase difference has only a minor effect, with small 
increases in cyclic axial load above 40 percent causing larger upward displacements 
when the phase difference is zero. The point of shaft instability changes little when 
the phase difference is changed from 0 to 90 degrees. 
The results from these tests show that the uplift capacity after shaking is affected by 
the cyclic axial load. Figure 7 .15 shows the results from the monotonic uplift tests 
perfonned after soil shaking. The cyclic axial load amplitude (Pc) is normalised by the 
static uplift capacity during shaking (Quu), The uplift capacity after shaking with 
cyclic axial load (Qu) has been normalised by the static uplift capacity after shaking 
with no axial load (Qud), The test results have been divided into two groups according 
to phase difference between peak axial load and peak soil displacement. 
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Figure 7.15 - Uplift Capacity Normalised by Uplift Capacity After Shaking Only versus Cyclic 
Axial Load Normalised by Uplift Capacity During Shaking 
The results from these tests show that, like the tests in a static soil deposit, the shaft 
becomes unstable under cyclic axial loads that are less than the static uplift capacity. 
The results show that, in the worst case, the shaft undergoes a rapid reduction in 
capacity if the cyclic axial load amplitude exceeds approximately 40 percent of Quu-
The phase difference between peak axial load and peak soil displacement appears to 
have a small influence on the point of instability. If the shaking is in phase with the 
axial load then instability occurs at 40 percent of Quu but if the shaking is out of phase 
then instability does not occur until the cyclic axial load amplitude exceeds 
approximately 50 percent of Ouu• Phase difference also appears to have some effect on 
the uplift capacity of the stable shafts. For cyclic axial loads that are less than 
40 percent of Qua, there appears to be a significant capacity increase for in-phase 
loading but very little increase for out-of-phase loading. 
The reductions in uplift capacity seen in Figure 7.15 coincide with the large upward 
displacements seen in Figure 7.14 for cyclic axial loads above approximately 
40 percent of Quu• 
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SUMMARY 
Axial load tests were performed on model drilled shaft foundations while the 
surrounding soil deposit was shaken under simulated seismic shear loading. 
The first tests were monotonic uplift and monotonic compression tests, performed to 
detennine the equivalent static capacities of the drilled shaft. These tests were 
performed in soil deposits that had not been shaken. The static uplift capacity (Qus) of 
the drilled shaft was found to be 1.28 kN and the compressive capacity (Qcs) was 
found to be 1.98 kN. 
The second set of tests were performed with no axial load on the drilled shafts while 
the soil deposits were shaken. These tests were performed to determine the effects of 
shaking on static shaft capacity. It was found that the uplift capacity (Quct), increased 
as the level of shaking increased. The capacity increases were most likely due to 
increases in soil density that occurred when the soil was shaken. A parameter called 
the Average Peak Shear Strain (APSS) was developed to quantify the magnitude of 
soil motion and a correlation was then found between the APSS and the uplift 
capacity after shaking (Quct). The correlation between APSS and Qud allowed the 
capacity changes due to soil shaking to be distinguished from the capacity changes 
due to any applied axial loads. The settlement of the soil occurred non-linearly 
throughout the test so the static uplift capacity changed non-linearly from Qus before 
the test to Quct after the test. To account for this, a further parameter was developed as 
an indication of the static uplift capacity during shaking. The static uplift capacity 
during shaking, Quu was arbitrarily taken as the uplift capacity at the mid-point of the 
test. The capacity was assumed to increase in the same manner as the soil settled so 
Quu was taken to be the static capacity, Qus, plus 89 percent of the increase due to 
shaking. 
The third set of tests were performed with constant axial load on the drilled shaft 
while each soil deposit was shaken. These tests were performed to determine the 
dynamic uplift capacity of the shaft during shaking. It was found that the shaft failed 
in uplift during low level shaking if the axial load exceeded approximately 55 percent 
of the equivalent static capacity, Quu• If the level of shaking was increased, then the 
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shaft failed in uplift if the constant axial load exceeded approximately 25 percent of 
Quu• The tests showed therefore that an increase in the level of shaking brought a 
decrease in the uplift capacity of the shaft during shaking. The tests also showed that 
the capacity of the drilled shaft was found to increase if it did not fail during shaking. 
The fourth set of tests was performed with cyclic axial load applied to the drilled shaft 
while the soil deposit was shaken. The amplitude of cyclic axial load was varied from 
test to test, as was the phase difference between peak axial load and peak soil 
displacement. All the tests were performed at zero mean load and at the same level of 
shaking in order to limit the number of parameters under investigation. The test 
results showed that the drilled shaft became unstable at a cyclic axial load amplitude 
of 40 percent of the equivalent static capacity Quu if the loading was in phase. If the 
cyclic axial load was out of phase with the soil displacement then the drilled shaft 
became unstable at a load amplitude of 50 percent of Quu• The test results also showed 
that if the drilled shaft remained stable during the test, there was an increase in shaft 





THE AXIAL LOAD RESPONSE OF MODEL DRILLED SHAFTS IN 
SHAKING SOIL DEPOSITS. 
INTRODUCTION 
The axial load tests in a shaking soil deposit showed that the capacity of a drilled shaft 
changes if the soil around it is shaken. The tests showed that the capacity increases if 
there is no axial load on the drilled shaft during shaking but the capacity may decrease 
if the drilled shaft is simultaneously subjected to a constant or cyclic axial load. 
This chapter attempts to explain the response of the drilled shaft under these loads. 
The explanation makes use of the various test results and ties them in with the 
conceptual shear zone model developed earlier. In this way a possible mechanism is 
offered for the axial load response of drilled shaft foundations in a shaking soil 
deposit. 
8.1 SOIL RESPONSE DURING SHAKING 
The response of the laminar tank and the soil within it were outlined in Section 6.7. 
From this, the response under cyclic shaking may be summarised by the following 
three points: 
• The deflected shape of the soil deposit is approximately linear during shaking so 
the shear strain within the soil is approximately constant over the height of the soil 
deposit. 
• The magnitude of the shear strain depends on the magnitude of table shaking and 
on the number of cycles of shaking. The soil stiffens up with each successive 
cycle, thus reducing the peak shear strain. 
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• The shear strain causes the soil to settle during shaking. It is the settlement that 
brings about the increase in soil stiffness. The amount of settlement is 
proportional to the magnitude of shear strain and the distribution of settlement is 
approximately constant over the height of the soil deposit. 
There are two factors that significantly affect the response of the soil deposit. The first 
is inelastic shear strain and the second is settlement. Inelastic shear strain causes the 
soil response to soften while settlement stiffens the soil up. The two are therefore 
opposing in their effect on the soil but they are also interconnected because the 
settlement is largely a result of the shear strain. 
Inelastic shear strains can be determined from the stress/strain response of the soil 
deposit during shaking. The shear stress and shear strain are calculated using a 
lumped mass model similar to that shown in Chapter 2. The lumped mass model 
divides the sand deposit into discrete masses whose depths coincide with the heights 
of the linear potentiometers, as shown in Figure 8.2. The shear strains are calculated 
from the relative displacements at the top and bottom of each mass. The shear stresses 
are calculated from the force required to accelerate each lumped mass. The 
accelerations of each mass are derived from the second time derivative of the average 















Figure 8.1 - Division of Soil Deposit into Discrete Masses for Lumped Mass Model 
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The lumped mass model has been used to calculate the stress/strain response of a 
typical soil deposit and the response is shown in Figure 8.1. The plot shows the 
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Figure 8.2 - Stress/Strain Response at Mid-height of Soil Layer during Fourth Cycle of Test 308 
Figure 8.2 shows that there is a large part of the cycle where the response is inelastic 
and the stiffness is significantly reduced (the stiffness is shown by the slope of the 
line). The lower stiffness means that the soil softens during part of the shaking cycle 
and larger shear strains occur for small increases in shear stress. 
Large shear strains cause settlement. As the number of cycles increases, the soil 
settles further and its density increases accordingly. The increase in density brings a 
corresponding increase in the overall stiffness of the soil deposit. The increase in 
stiffness is shown by a reduction in peak shear strain or, similarly, as a reduction in 
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Figure 8.3 -Displacement at Top of Tank During Cyclic Shaking 
8.2 SHAFT RESPONSE DURING SHAKING WITH NO AXIAL LOAD 
It was shown in Chapter 7 that the static uplift capacity of the drilled shaft increases if 
the smTounding soil deposit is shaken. The increase in capacity was found to be 
proportional to the magnitude of soil shaking. The following section explains the 
increase in capacity in terms of the conceptual shear zone model developed earlier, 
with reference to particular results collected during the tests. 
If no axial load is applied to the head of the drilled shaft then the increase in uplift 
capacity must come from changes within the soil deposit. Those changes that could 
affect the stability of the drilled shaft include changes in soil density, soil stiffness and 
horizontal soil stress. 
8.2.1 Soil Density 
It has been shown that the density of the soil increases during shaking because the soil 
settles under the repeat cycles of shear strain. Figure 8.4 shows the settlement after 
cyclic shaking at an APSS of 1.4 percent. The plot shows that the settlement is 
reasonably uniform over the height of the soil deposit so the soil deposit could be seen 
136 
as a homogenous soil layer of increased density. Superimposed over the soil 
settlement is the overall settlement of the drilled shaft after the same level of shaking. 
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Figure 8.4 - Soil Settlement and Shaft Settlement after Shaking 
It is clear from Figure 8,4 that there are varying degrees of differential settlement 
between the soil and the drilled shaft after shaking. There is only one point on the 
shaft ( at approximately 1100mm) that settles by the same amount as the surrounding 
soil. The soil settles more than the shaft at all points above this and the soil settles less 
than the shaft at all points below this. The differential settlement means that there is a 
relative axial displacement between the shaft and the soil over most of the buried 
length. It is likely, therefore, that a shear zone develops along the shaft during 
settlement of the soil deposit because the relative displacement causes the soil to 
shear. It is also likely that the shear zone will have a different density to the 
surrounding soil mass because it dilates as it shears so its density decreases. 
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The soil deposit can therefore be seen as a uniformly densified soil mass that 
surrounds a lower density shear zone around the drilled shaft. 
8.2.2 Soil Stiffness 
The soil mass will not only have been densified but it will also have stiffened after the 
shaking. As shown in Figure 8.3, the peak displacement of the soil mass decreases 
with each consecutive cycle of shaking so the overall stiffness must be increasing 
with each cycle. The soil deposit can therefore be seen as a uniformly densified and 
stiffened soil mass that surrounds a lower density shear zone around the drilled shaft. 
8.2.3 Horizontal Soil Stress 
The test results do not show the horizontal stress adjacent to the shaft after shaking 
because no zero axial load tests were performed with the soil stress transducer beside 
the shaft. However, several tests were performed with the soil stress transducer placed 
away from the drilled shaft so changes in horizontal stress can be determined for the 
surrounding soil mass. The results from these tests are shown in Figure 8.5, with the 
changes compared to the calculated horizontal stress profile before shaking. 
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Figure 8.5 - Change in Free-Field Horizontal Soil Stress after Shaking 
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Figure 8.5 shows that there is no significant trend in the horizontal soil stress change 
over the depth of the soil deposit after shaking. Some of the measurements show an 
increase and some show a decrease but in general there is no significant trend. The 
larger changes may be due to abnormal initial conditions around the stress cell during 
soil placement. 
The changes in soil density, soil stiffness and horizontal soil stress can now be 
brought together to describe the soil deposit and the embedded drilled shaft after soil 
shaking. The soil mass after shaking can be seen as a uniformly densified soil mass 
with an increased stiffness but with a similar horizontal soil stress profile. The soil 
mass surrounds a lower density shear zone that has undergone varying degrees of 
shear strain over the length of the drilled shaft. The shear zone surrounds the drilled 
shaft, that has settled uniformly during shaking. 
The increase in static uplift capacity after shaking can now be explained. The 
monotonic axial load is applied to the drilled shaft in the shaken soil deposit and the 
shear zone around the shaft dilates as the shaft displaces upward. However, there is 
now a greater resistance to the dilation because the stiffness and density of the 
surrounding soil mass have increased. A greater axial load must therefore be applied 
to cause the drilled shaft to fail in uplift. 
8.3 SHAFT RESPONSE DURING SHAKING WITH CONSTANT AXIAL 
LOAD 
It was shown in Chapter 7 that the drilled shaft failed in uplift under strong soil 
shaking at constant axial uplift loads that were as little as 25 percent of the equivalent 
static capacity. The decrease in uplift capacity was found to be proportional to the 
magnitude of soil shaking. The following section explains the decrease in capacity in 
tem1s of the conceptual shear zone model developed earlier, with reference to 
particular results collected during the tests. 
The loss of uplift capacity seen under constant axial load is to be expected because 
there are considerable differences between the soil conditions during shaking and the 
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soil conditions either before or after shaking. During shaking, the soil is under 
dynamic conditions and, as shown by the stress/strain curve in Figure 8.1, the soil 
behaves inelastically for a significant part of the shaking cycle. During the inelastic 
response the stiffness is markedly reduced so the soil is able to undergo large shear 
strains for relatively small increases in shear stress. The reduction in stiffness during 
shaking means that the drilled shaft is able to shear more readily so a lower load is 
required to fail the shaft in uplift. 
These test results show that the shear zone model is still applicable in a shaking soil 
deposit. The presence of a shear zone is indicated by the abrupt change from stable to 
unstable response and the low residual uplift capacity if the drilled shaft fails during 
loading. The abrupt change from stable to unstable response is due to failure of the 
shear zone during axial loading. If there were no shear zone then there would be a 
more gradual failure region as increasing axial loads brought increasing amounts of 
upward displacement during the inelastic shear straining of each shaking cycle. The 
low residual uplift capacity of the shaft is also due to failure of the shear zone. Ifthere 
were no shear zone then each half cycle of inelastic shear strain would remould the 
soil around the drilled shaft. Any changes, due to the axial load, during the previous 
half cycle would then be erased and the residual uplift capacity of the drilled shaft 
would remain the same as that under zero axial load. 
The shear zone model works as follows during shaking: As the axial load is applied, 
the material in the shear zone begins to dilate and increase in volume. Under static 
soil conditions, the surrounding soil mass confines the dilating shear zone, opposing 
the volume increase and providing the drilled shaft with its static axial capacity. 
Under dynamic soil conditions, the mechanism is similar but the amount of shear zone 
confinement has changed. When the soil is undergoing inelastic shear strains during 
each shaking cycle, it has a much lower stiffness so it provides less confinement to the 
dilating shear zone. The shear zone can increase in volume more readily and a lower 
magnitude axial load is therefore required to fail the drilled shaft in uplift. 
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8.4 SHAFT RESPONSE DURING SHAKING WITH CYCLIC AXIAL 
LOAD 
The behaviour of the drilled shaft during shaking under cyclic axial load is an 
extension of the behaviour under constant axial load. In terms of the conceptual shear 
zone model, the surrounding soil mass undergoes inelastic shear strains which cause 
the soil mass to settle and increase in stiffness over consecutive cycles of shaking. 
During these cycles, the shear zone forms around the drilled shaft as the soil settles by 
different amounts at different depths. Any axial load that is applied to the drilled shaft 
must then be resisted by the shear zone and the softened soil mass. 
In the case of cyclic axial load, the shear zone dilates as the direction of displacement 
is reversed on each half cycle. If the surrounding soil mass is sufficiently stiff then the 
dilation will be resisted and the drilled shaft will remain stable. A clear illustration of 
this can be seen in Figure 8.5, where the soil mass is initially too soft and the drilled 
shaft begins to fail in uplift. However, in the fourteenth cycle of shaking the soil mass 




















Figure 8.5 -Axial Shaft Displacement versus Time for Cyclic Axial Load Test 315. 
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Although Test 315 restabilised during the shaking test, its static uplift capacity after 
shaking was still reduced. The reason for this may be that the shear zone had failed by 
exceeding peak dilation during cyclic axial loading. When the monotonic uplift was 
applied after shaking, there was less dilation of the shear zone so the uplift capacity 
was less than the static uplift capacity without cyclic axial loading. This is despite the 
surrounding soil mass having densified and stiffened during shaking. 
The reason that the cyclic axial load tests were more stable than the constant axial 
load tests may be because the overall or mean load during the cyclic tests was zero. 
For each half cycle in uplift there was a corresponding half cycle in compression so 
the upward displacements during shaking were partially countered by the downward 
displacements. With lower overall displacements of the drilled shaft there would be a 
lower overall amount of uplift shearing within the shear zone so the uplift capacity 
after shaking would be greater than that for constant axial loads. 
The reason for the different in-phase and out-of-phase shaft responses is unclear from 
the test results but may possibly be due to a reduction in tip resistance during the 
compression part of out-of-phase loading. For out-of-phase loading, the soil 
undergoes inelastic shear strain as the axial load reaches peak compression. The 
inelastic response of the soil is softer so there is less resistance beneath the tip of the 
drilled shaft. A reduction in tip resistance allows greater downward displacement 
during compression loading so the overall shearing within the shear zone is less than 
for in-phase loading. Lower overall shear strain would mean that the drilled shaft 
would remain stable at higher cyclic axial load amplitudes. 
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SUMMARY 
Axial load tests were performed on model drilled shaft foundations in a shaking soil 
deposit. A number of tests were performed with zero axial load on the drilled shaft 
and the uplift capacity after shaking was found to have increased. Further tests were 
performed with either constant or cyclic axial loads on the drilled shaft during shaking 
and the drilled shaft was found to fail at axial load magnitudes that were considerably 
lower than the equivalent static capacity. 
Observations from the tests have been presented in conjunction with the conceptual 
shear zone model developed earlier. Together they are used to offer a possible 
mechanism for the behaviour of the drilled shaft during shaking. 
When the soil is shaken, it settles under the repeat cycles of shear strain. The 
settlement profile is reasonably linear over the depth of the soil deposit while the 
settlement of the rigid drilled shaft is constant. This differential settlement may lead to 
the development of a shear zone around the shaft while the surrounding soil mass 
settles by differing amounts. The settlement of the soil mass causes its density to 
increase and its stiffness to increase also. 
When the drilled shaft is failed in monotonic uplift at the end of shaking the increased 
stiffness of the surrounding soil mass offers a greater resistance to dilation of the 
shear zone. So, for drilled shafts with zero axial load during shaking, a greater peak 
load is then required to fail the shaft in uplift. 
If a constant axial load is applied to the drilled shaft during shaking then, in most 
cases, the capacity will differ from that of a drilled shaft under the same level of 
shaking but with zero axial load. At axial loads of only 25 percent of the static uplift 
capacity, the drilled shafts were found to fail in uplift during strong shaking. The 
reduction in uplift capacity may arise from a reduction in stiffness of the soil mass 
during shaking. The peak shear strength of the shear zone is reduced because it can 
dilate more readily so the drilled shaft fails during loading at lower axial loads. Its 
uplift capacity after shaking is also reduced to a residual capacity because the shear 
zone has exceeded the peak dilation during shaking. 
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The response of the drilled shaft during shaking and cyclic axial loading is an 
extension of the response under constant axial load. As the cyclic axial load is 
applied, the shear zone dilates and expands against the softer soil mass. Less 
resistance is offered by the softer soil mass so the drilled shaft fails at lower axial load 
amplitudes than it does under static soil conditions. The load amplitude causing 
failure is greater for cyclic axial loads than for constant axial loads. The reason for 
this may be that the cumulative displacement is less for cyclic loading because each 
half cycle of upwards displacement is offset by each half cycle of downward 
displacement. 
The effects of cyclic axial shaft loading and cyclic soil shaking have therefore been 
explained in terms of a conceptual shear zone model that surrounds the drilled shaft. 
The behaviour of the shear zone depends upon the type and magnitude of axial load 
applied to the shaft and on the level of shaking within the surrounding soil mass. 
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Chapter Nine 
SUMMARY AND RECOMMENDATIONS 
Deep foundations are subjected to variations in load during an earthquake. Extra loads 
may be exerted on the foundation head by the inertial actions of the supported 
structure and they may be exerted along the buried length of the foundation by the 
dynamic actions of the surrounding soil mass. The loads are usually of short duration 
and of a magnitude lower than the static capacity of the foundation, but the cyclic 
nature of these loads has been found to degrade the strength of the foundation and to 
cause failure at loads less than the static capacity. 
This study investigated the specific case of drilled shaft foundations embedded in a 
cohesionless soil deposit and subjected to the dynamic loads typical of a seismic 
event. The study was experimentally based and the methodology, findings and 
recommendations are summarised in this chapter. 
9.1 FOUNDATION LOADS 
During an earthquake, the earth's crust ruptures and releases stored strain energy in 
the form of seismic waves. These waves radiate out from the point of rupture and are 
felt at the surface as an earthquake. 
The majority of the seismic energy is transmitted as shear (s) waves and successive 
layering of the geologic material near the earth's surface means that these shear waves 
are refracted towards the vertical as they approach the surface. When they reach the 
surface, they are felt as horizontal accelerations and displacements. The accelerations 
and displacements are cyclic in nature and may be represented by an equivalent 
number of horizontal accelerations or displacements, where the amplitude, frequency 
and number of cycles may be chosen to represent the magnitude of the seismic event. 
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The response of the ground during an earthquake depends upon the properties of the 
ground itself. If the ground is soft soil then the seismic waves may be amplified as 
they approach the surface. 
If a deep foundation is embedded in the soil mass, then it too will be subjected to 
dynamic loads as the soil reacts to the imposed accelerations. Further loads are 
applied to the foundation as it resists the inertial displacements and accelerations of 
the supported structure. 
9.2 MODEL STUDY 
The seismic response of drilled shaft foundations was investigated experimentally by 
constructing and load testing several similar model drilled shafts under different 
combinations of axial and shear load. The model drilled shafts were tested in 
laboratory prepared cohesionless soil deposits. 
The experimental study was performed in two distinct stages. The first stage had 
different combinations of cyclic axial load and constant mean load applied to the head 
of the shaft while it was embedded in a static soil deposit. The second stage of testing 
had either constant or cyclic axial load applied to the head of the shaft while the shaft 
and the surrounding soil mass were simultaneously shaken at the base of the soil 
deposit. 
Two cylindrical tanks, each 1.00 m diameter by 1.99 m high were constructed to 
contain the soil for the first stage of testing. A gate was constructed in the base of 
each tank, allowing one tank to be emptied directly into the other and thus avoiding 
double handling of the soil. Each soil deposit was prepared by air pluviation, with the 
soil falling from the full tank, into a funnel and hose system, then discharging through 
a diffuser into the bottom tank. This method produced near-homogeneous soil 
deposits with a relative density of approximately 31 percent. 
The soil used for all the tests in this study was a commercially available, industrial 
grade 30/60 silica sand. The reasons for selecting this soil were: (a) It is a generic 
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particulate material that should qualitatively simulate the behaviour of a range of 
different soils. (b) It is suitable for air pluviation. ( c) It is suitable for being reused 
many times without degradation. ( d) It should be possible to obtain additional 
supplies of the material for future testing. (e) It is very clean and minimal dust is 
generated during air pluviation. 
Twenty-seven model drilled shaft foundations were tested in the first stage of the 
study. Each foundation was nominally the same size at 95 mm diameter by 1450 mm 
buried length. The foundations were constructed from Portland Cement concrete and 
reinforced with a single 16 mm diameter deformed steel reinforcing rod that was 
placed centrally within each shaft. 
Constmction of each shaft involved a casing being buried in the soil as the deposit 
was being prepared. When the deposit was complete, the reinforcing rod and the 
concrete were placed in the casing, then the casing was removed. The concrete was 
left to cure for 24 hours before testing. 
Loads were applied to the model drilled shaft by a hydraulic actuator connected to a 
closed-loop electro-hydraulic control system. The loads were generated by a PC, 
downloaded to a waveform generator, then downloaded to the control system. The 
load and displacement data were automatically recorded via a high-speed data 
acquisition system connected to the PC. Soil stress measurements were also 
automatically recorded with a stress transducer buried alongside the drilled shaft. 
Each load test had the selected mean load applied to the drilled shaft and kept 
constant for 100 seconds before the selected cyclic axial load was applied. Twenty 
cycles of sinusoidal load were applied at a frequency of 1 Hz then the drilled shaft 
was immediately failed in uplift to determine its residual uplift capacity after cyclic 
loading. The residual uplift capacity was compared to reference values for a drilled 
shaft loaded monotonically to failure with no cyclic loading. 
Stage II of the experimental study had cyclic base shaking applied to the soil mass 
while the embedded drilled shaft was simultaneously subjected to either constant or 
cyclic axial loads. A new laminar tank was constructed for these tests so that the soil 
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mass could deflect in shear and thus create a free-field soil response to the horizontal 
shaking. The laminar tank was constructed from 50 mm thick steel channel laminates 
that were stacked up and confined within a steel frame. The tank had internal 
dimensions of 0.8 m by 1.8 m by 2.0 m high. The laminates were separated by Teflon 
sliders to reduce friction and the tank was lined internally with a rubber membrane to 
contain the soil. 
The same industrial grade silica sand was used for the Stage II tests and, again, the 
deposits were prepared by air pluviation. However, changes were made to the 
preparation method for the second stage of testing. The increased tank size meant that 
a hopper and storage system was required for these tests and the increased time of 
sample preparation meant that changes were required for the diffuser. To reduce 
preparation time, the diffuser size and flow-rate were increased, which gave an 
average relative density for each deposit of approximately 46 percent. 
Changes were also made to the drilled shaft for the second stage of testing. To avoid 
the 24 hour curing period required for the cast in-situ reinforced concrete shaft, an 
artificial concrete shaft was constructed from steel tube that was coated in sand 
encrusted epoxy resin. The resin was added to model the roughness of the cast in-situ 
concrete. The steel drilled shaft also had a diameter of 95 mm and a buried length of 
1450 mm and the gauge of the steel was chosen to give the steel shaft a flexural 
stiffness similar to that of the reinforced concrete shaft. The same artificial drilled 
shaft was used for the 44 tests performed in the laminar tank. 
Axial loads were applied to the model drilled shafts with the same hydraulic actuator 
used in the Stage I tests. The shaking was applied to the soil deposit via a shaking 
table. The laminar tank was bolted to the 4.0 m by 2.0 m shaking table and subjected 
to cyclic horizontal base displacements. The displacements of the table were 
controlled by a separate closed-loop servo-hydraulic actuator, running on a separate 
PC. 
The following measurements were made during each test and the results recorded on a 
PC-based data acquisition system: 
• Shaking Table Displacement - with a linear potentiometer attached to the table 
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• Shaking Table Acceleration - with an accelerometer attached to the table 
• Tank Acceleration - with an accelerometer attached to the top of the tank 
• Tank Displacement - with an array of linear potentiometers alongside the tank. 
• Soil Surface Settlement - with a linear potentiometer attached to the tank frame 
Manual measurements were also taken of the total settlement occurring at different 
depths during each test. 
The laminar tank performed as designed under cyclic base shaking. The response was 
a predominantly shear response and compared favourably with the calculated 
theoretical shear response of a similar soil layer. The deflected shape of the tank can 
be assumed as linear during shaking so the shear strain during shaking can be 
assumed as constant over the depth of the soil deposit. A parameter called the 
Average Peak Shear Strain (APSS) has been developed to quantify the soil response 
to cyclic shear loading. The APSS is taken as the peak shear strain at each half cycle 
of loading, averaged over the height of the soil column and averaged over the number 
of cycles of loading. The APSS values for these tests ranged from 0.10 percent to 
1.56 percent. 
The following parameters were investigated during the drilled shaft tests m the 
laminar tank. 
• Shear load Amplitude. Similar axial loads were applied to drilled shafts while the 
amplitude of the shaking was changed for different tests. 
• Dynamic Uplift Capacity. The uplift capacity of the drilled shaft during cyclic soil 
shaking was determined. Constant axial load was applied to the shaft while the 
soil mass was subjected different magnitudes of cyclic shaking and the axial load 
causing failure was determined. 
• Dynamic Cyclic Uplift Capacity. The uplift capacity was determined under 
combined cyclic axial shaft loading and cyclic soil shaking. 
• Phase Difference. The effects of phase difference between peak axial load and 
peak soil displacement were investigated. 
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9.3 TEST RESULTS 
Stage 1 
The test results showed that the drilled shaft may fail during cyclic axial loading at 
load magnitudes that are less than the equivalent static uplift capacity. The cyclic load 
causing failure was found to depend upon the mean load on the drilled shaft. There is 
little degradation of shaft capacity if the shaft is subjected to one-way loading, with 
the direction of applied load not changing during the test, i.e. cycling in compression 
only or uplift only. If however, the shaft is subjected to two-way loading, where the 
load is reversed twice in each cycle, then the model drilled shaft may suffer some 
degradation in uplift capacity and fail at uplift load magnitudes that are less that the 
static uplift capacity. The worst case load configuration occurs at zero mean, where 
the shaft fails at an uplift load magnitude that is 67% of the equivalent static uplift 
capacity. 
If the model drilled shaft remains stable under the applied loads then little change is 
observed in its uplift capacity. 
Stage 2 
The test results showed that when the soil is shaken, its density increases with each 
cycle and its overall stiffness also increases. If a drilled shaft is embedded in that soil 
and it carries no axial load then its uplift capacity is found to increase after the soil 
around it is shaken. The amount by which the capacity increases depends upon the 
level of soil shaking. Greater levels of shaking bring greater increases in uplift 
capacity. They also bring greater amounts of soil settlement. 
If the drilled shaft carries a constant axial load while the soil around it is shaking then 
it may fail in uplift during the test. The load magnitude causing uplift failure depends 
upon the level of soil shaking but in all cases is less than the static uplift capacity. 
These tests showed that an axial load of only 25 percent of the equivalent static 
capacity will cause the shaft to fail during strong soil shaking. 
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If the drilled shaft carries a cyclic axial load while the soil around it is shaking then it 
may fail in uplift during the test. The cyclic axial load causing uplift failure in these 
tests was 40 percent of the equivalent static capacity. All the cyclic axial load tests 
were performed at the same level of shaking so the effect of this parameter is 
unknown from these tests. The phase difference between peak axial load and peak soil 
displacement had a small effect on the point of instability of the drilled shaft. When 
the phase difference was changed from 0 degrees to 90 degrees, the load required to 
fail the drilled shaft increased by approximately 10 percent 
9.4 CONCLUSIONS 
The capacity of a drilled shaft foundation is adversely affected by seismic loading. If 
the drilled shaft is subjected to cyclic axial loads, as it is when the superstructure 
responds to an earthquake, then the drilled shaft may fail at loads that are well below 
its static design capacity. The worst case loading configuration for this model drilled 
shaft occurs about zero mean load, where the uplift capacity may be reduced to only 
67 percent of the static capacity. The tests performed in this study show that the mean 
load on the shaft is an important parameter in determining its stability under cyclic 
axial loading. It was found that one-way loading has little adverse effect on the 
stability of the drilled shaft but two-way loading leads to capacity reductions during 
loading. The data from these tests has been used to develop a parameter called the 
Level of Load Reversal. The LLR is the amount by which the load is reversed during 
the test. Relationships have then been found between the LLR and the reduction in 
uplift capacity of the drilled shaft. It was found that the higher the LLR, the greater 
the reduction in uplift capacity. 
The second stage tests showed that the uplift capacity of a drilled shaft increases if the 
soil around it is shaken under simulated seismic shaking. The reason for the capacity 
increase is that the soil settles and stiffens up as it densifies during inelastic shear 
straining. The denser and stiffer soil is more resistant to dilation of the material 
around the drilled shaft so a greater uplift load is required to cause failure. 
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If the drilled shaft is simultaneously subjected to a constant axial uplift load then it 
may fail in uplift at a load that is considerably less than the equivalent static uplift 
capacity. The reason for the reduced uplift capacity may be that the soil around the 
drilled shaft softens as it shears inelastically so it then can allow greater shear strains 
for small increases in shear stress. The softening of the soil may also allow dilation to 
occur more easily around the drilled shaft so the uplift capacity will be reduced. 
If the drilled shaft is simultaneously subjected to a cyclic axial load then it will suffer 
the same degradation in uplift capacity as that seen under constant axial load. The 
mechanisms causing that degradation will be the same. The cyclic load amplitude 
required to fail the drilled shaft will be greater than the corresponding constant axial 
load because the uplift part of the load cycle is partially offset by the compression part 
of the loading cycle. The cumulative axial displacements will then be smaller so there 
will be a smaller amount of soil degradation around the shaft. 
RECOMMENDATIONS 
The results from these tests show that there can be significant reductions in the uplift 
capacity of a drilled shaft during seismic loading. Based on the results of these tests it 
is recommended that drilled shafts in seismic areas should be designed with an 
increased factor of safety to account for the reductions in capacity associated with 
fluctuating axial loads. If it is suspected that the foundation loads could be in uplift 
during the seismic event then particular care should be taken with regard loss of 
capacity. If the drilled shaft is founded in a soft soil then a careful analysis should be 
performed to determine the expected maximum shear strains in the soil as large shear 
strains have a highly detrimental effect on the capacity of a drilled shaft. 
With regard to future research in this area, it is recommended that further testing be 
focussed on the effect of shear strain magnitude within the soil. These tests were 
performed under large inelastic shear strains and it is important to determine whether 
the same reductions in drilled shaft capacity are seen at lower shear strains. Further 
research is also recommended into the stress distribution in the soil around the drilled 
shaft during both cyclic axial loading and cyclic soil shaking. 
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Appendix A 
PROPERTIES OF SILICA SAND 
Particle Size Distribution 
Mass of Sample= 99.56 gm 
Table Al - Particle Size Distribution for Silica Sand 
Sieve Diameter Mass Retained Percent Retained 
(mm) (gm) (%) 
2.36 0 0 
1.18 0 0 
0.60 1.66 1.67 
0.30 88.00 88.39 
0.15 9.86 9.90 
0.04 0.04 
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Figure Al - Particle Size Distribution for Silica Sand 
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TableA2 - Density of Solid Particles 
Test Mass Jar+Lid Jar+Lid+ Jar+Lid+Sample Jar+Lid+Water Density 















.'. Ps = 2.65 t/m3 
Test No. Sample Mass Sample Volume Density Void Ratio 
(gm) (cm3) (t/m3) 
1 161.09 110.08 1.46 0.81 
2 157.26 110.08 1.43 0.85 
3 159.62 110.08 1.45 0.83 
4 160.43 110.08 1.46 0.82 
.'. emax = 0.83 
Table A4 - Minimum Void Ratio 
Test No. Sample Mass Sample Volume Density Void Ratio 
(gm) (cm3) (t/m3) 
---··-------- ---~-~--
1 496.54 286.60 1.73 0.53 
2 473.84 272.12 1.74 0.52 
3 488.44 282.52 1.73 0.53 
4 467.08 269.99 1.73 0.53 
.'. emin = 0.53 
Steady State Friction Angle 
~ss = 33° (angle ofrepose of free-standing mound of sand) 
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Figure BS - Results of Test 020 - Cyclic Axial Load 
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Figure B13 - Results of Test 026 - Cyclic Axial Load 
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DYNAMIC SOIL TEST RESULTS 
TEST 200a 
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Figure Cl - Test 200a - Monotonic Uplift (No Shaking) 
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Figure C4 - Test 201b - Monotonic Uplift (No Shaking) 
TEST 202a 









Figure CS - Test 202a - Monotonic Compression (No Shaking) 
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Figure C9 - Test 203 - Change in Soil Stress During Combined Loading 
Depth of Burial- SPTl = 1000 mm, SPT2 = 500mm 
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Figure C14 - Test 204 - Tank Displacement Under Cyclic Shaking 
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Figure C15 - Test 204 - Change in Soil Stress During Combined Loading 
Depth of Burial - SPTl = 1000 mm, SPT2 = 500mm 
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Figure C21 - Test 205 - Change in Soil Stress During Combined Loading 
Depth of Burial- SPTl = 1000 mm, SPT2 = 500mm 
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Figure C23 - Test 206 - Tank Displacement Under Cyclic Shaking 
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Figure C24 - Test 206 - Change in Soil Stress During Combined Loading 
Depth of Burial - SPTl = 1000 mm, SPT2 = 500mm 
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Figure C29 - Test 207 - Change in Soil Stress During Combined Loading 
Depth of Burial - SPTl = 1000 mm, SPT2 = 500mm 
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Figure C30 - Test 207a - Monotonic Uplift after Combined Loading 
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Figure C35 - Test 208 - Change in Soil Stress During Combined Loading 
Depth of Burial - SPTl = 1000 mm, SPT2 = 500mm 
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Figure C36 - Test 208a - Monotonic Uplift after Combined Loading 
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Figure C41 -Test 209- Change in Soil Stress During Combined Loading 
Depth of Burial- SPTl = 1000 mm, SPT2 = 500mm 
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Figure C47 - Test 210 - Change in Soil Stress During Combined Loading 
Depth of Burial- SPTl = 1000 mm, SPT2 = 500mm 
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Figure C48 - Test 210a - Monotonic Uplift after Combined Loading 
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Figure C53 -Test 211- Change in Soil Stress During Combined Loading 
Depth of Burial - SPTl = 1000 mm, SPT2 = 500mm 
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Figure C59 - Test 212 - Change in Soil Stress During Combined Loading 
Depth of Burial - SPTl = 1000 mm, SPT2 = 500mm 















0 5 10 15 20 25 30 35 40 45 
DISP(mm) 














.J 5 10 15 20 25 
TIME(sec) 











..I 25 D.. .5 
~ 
ll:: -10 z 
< ... -15 
-20 j 
TIME(sec) 








Figure C63 - Test 213 - Change in Soil Stress During Combined Loading 
Depth of Burial- SPTI = 1000 mm, SPT2 = 500mm 
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Figure C67 - Test 302 - Shaft Load v Displacement Under Cyclic Axial Load (+/-0.64 kN) and 
Cyclic Soil Shaking 
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Figure C70 - Test 302 - Change in Soil Stress During Combined Loading 
Depth of Burial - SPTl = 1000 mm, SPT2 = 500mm 
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Figure C73 -Test 303 - Shaft Load v Displacement Under Cyclic Axial Load (+/-0.64 k.N) and 
Cyclic Soil Shaking 
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Figure C76 - Test 303 - Change in Soil Stress During Combined Loading 
Depth of Burial - SPTl = 1000 mm, SPT2 = 500mm 
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Figure C79 - Test 304 - Shaft Load v Displacement Under Cyclic Axial Load (+/-0.77 kN) and 
Cyclic Soil Shaking 
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Figure CS0 - Test 304 - Shaft Displacement Under Cyclic Axial Load (+/-0.77 kN) and Cyclic Soil 
Shaking 
TEST 304 
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Figure C82 - Test 304 - Change in Soil Stress During Combined Loading 
Depth ofBurial-SPTl = 1000 mm, SPT2 = 500mm 
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Figure C85 - Test 305 - Shaft Load v Displacement Under Cyclic Axial Load (+/-0.90 kN) and 
Cyclic Soil Shaking 



















Figure C86 - Test 305 - Shaft Displacement Under Cyclic Axial Load (+/-0.90 kN) and Cyclic Soil 
Shaking 
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Figure C88 - Test 305 - Change in Soil Stress During Combined Loading 
Depth of Burial - SPTI = 1000 mm, SPT2 = 500mm 
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Figure C91 -Test 306- Shaft Load v Displacement Under Cyclic Axial Load (+/-1.02 kN) and 
Cyclic Soil Shaking 
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Figure C94 - Test 306 - Change in Soil Stress During Combined Loading 
Depth of Burial- SPTl = 1000 mm, SPT2 = 500mm 
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Figure C97 - Test 307 - Shaft Load v Displacement Under Cyclic Axial Load (+/-1.15 kN) and 
Cyclic Soil Shaking 
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Figure ClOO - Test 307 - Change in Soil Stress During Combined Loading 
Depth of Burial - SPTl = 1000 mm, SPT2 = 500mm 
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Figure Cl03 - Test 308- Shaft Load v Displacement Under Cyclic Axial Load (+/-1.41 kN) and 
Cyclic Soil Shaking 
(Phase Angle = 90°) 
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Figure C106 - Test 308 - Change in Soil Stress During Combined Loading 
Depth of Burial - SPTl = 1000 mm, SPT2 = 500mm 










0 1.5 ..J 
0.5 
0 
-0.5 ' 10 20 30 40 50 60 
DISP(mm) 




ii 60 a. -5 
~ 
w 
-10 Cl z 
~ -15 u 
Ill -20 
~ 

















Figure C109 - Test 309 - Shaft Load v Displacement Under Cyclic Axial Load (+/-1.66 kN) and 
Cyclic Soil Shaking 
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Figure Cl12 -Test 309 - Change in Soil Stress During Combined Loading 
Depth of Burial- SPTl = 1000 mm, SPT2 = 500mm 
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Figure Cll5 -Test 310 - Shaft Load v Displacement Under Cyclic Axial Load (+/-1.92 kN) and 
Cyclic Soil Shaking 


















Figure Cll6 - Test 310 - Shaft Displacement Under Cyclic Axial Load (+/-1.92 kN) and Cyclic 
Soil Shaking 
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Figure Cl18 - Test 310 - Change in Soil Stress During Combined Loading 
Depth of Burial - SPTI = 1000 mm, SPT2 = 500mm 











Figure Cll9 - Test 311 - Shaft Load v Displacement Under Cyclic Axial Load {+/-1.92 kN) -and 
Cyclic Soil Shaking 
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Figure C122 - Test 311 - Change in Soil Stress During Combined Loading 
Depth of Burial- SPTl = 1000 mm, SPT2 = 500mm 













Figure C123 - Test 312 - Shaft Load v Displacement Under Cyclic Axial Load (+/-1.66 kN) and 
Cyclic Soil Shaking 
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Figure C126 - Test 312 - Change in Soil Stress During Combined Loading 
Depth of Burial - SPTl = 1000 mm, SPT2 = 500mm 











Figure C127 - Test 313 - Shaft Load v Displacement Under Cyclic Axial Load (+/-1.41 kN) and 
Cyclic Soil Shaking 































c( 0 ..J 
D.. 














Figure C130 - Test 313 - Change in Soil Stress During Combined Loading 
Depth of Burial- SPTl = 850 mm, SPT2 = 300mm 
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Figure C132 - Test 314 - Shaft Load v Displacement Under Cyclic Axial Load (+/-1.54 kN) and 
Cyclic Soil Shaking 
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Figure C135 - Test 314 - Change in Soil Stress During Combined Loading 
Depth ofBurial-SPTl = 1100 mm, SPT2 = 550mm 
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Figure C137 - Test 315- Shaft Load v Displacement Under Cyclic Axial Load (+/-1.79 kN) and 
Cyclic Soil Shaking 
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Figure Cl40 - Test 315 - Change in Soil Stress During Combined Loading 
Depth of Burial - SPTl = 7 50 mm, SPT2 = 200mm 
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Figure Cl42 - Test 316 - Shaft Load v Displacement Under Cyclic Axial Load (+/-1.15 kN) and 
Cyclic Soil Shaking 
(Phase Angle = 0°) 
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Figure Cl43 -Test 316- Shaft Displacement Under Cyclic Axial Load (+/-1.15 kN) and Cyclic 
Soil Shaking 
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Figure C145 - Test 316 - Change in Soil Stress During Combined Loading 
Depth of Burial - SPTl = 1000 mm, SPT2 = 400mm 
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Figure C160 -Test 318-Surface Settlement Under Cyclic Soil Shaking 
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Figure C161 -Test 318- Change in Soil Stress During Cyclic Soil Shaking 
Depth of Burial - SPTl = 1150 mm, SPT2 = 600mm 
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Figure C165 - Test 318b - Monotonic Uplift after Compaction and Cyclic Axial Loading 
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Appendix D 
CALIBRATION OF INSTRUMENTATION 
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Figure D16 - Calibration Curve for Soil Pressure Transducer No. 2 
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